Processing of spectral information in the dragonfly lamina by Yang, En-Cheng
  THESES SIS/LIBRARY        TELEPHONE: +61 2 6125 4631 
R.G. MENZIES LIBRARY BUILDING NO:2      FACSIMILE:  +61 2 6125 4063 
THE AUSTRALIAN NATIONAL UNIVERSITY      EMAIL: library.theses@anu.edu.au 
CANBERRA ACT 0200 AUSTRALIA 
 
 
 
 
 
 
 
 
 
 
USE OF THESES 
 
 
This copy is supplied for purposes 
of private study and research only. 
Passages from the thesis may not be  
copied or closely paraphrased without the  
written consent of the author. 
Processing of Spectral Information in 
the Dragonfly Lamina 
En-Cheng Yang 
A thesis submitted for the degree of Doctor of Philosophy of the 
Australian National University 
Canberra, June 1994 
DECLARATION 
All of the work described in this thesis is entirely my own, with the exception of the 
white-noise analysis technique and the stimulus generation programme described in 
Chapter 5 which were designed and written by Dr. A. C. James. 
Part of the results in Chapter 2 and 3 have been published as: 
Yang E-C, Osorio D (1991) Spectral sensitivities of photoreceptors and lamina 
monopolar cells in the dragonfly, Hemicordulia tau. J Comp Physiol A 169: 663-
669. 
The results described in Chapter 4 have been presented in The Biology of UV light 
reception (A symposium on the programme of the 1992 meeting of the American 
Society of zoologists. Vancouver, Canada. 27-30 December, 1992): 
Yang, E.-C. and Osorio, D. (1992) Integration of ultraviolet and other spectral 
receptor types by the dragonfly lamina in dark and in light adapted states. Amer 
Zool32:69A. 
ACKNOWLEDGEMENTS 
I wish to express my sincere gratitude to Prof. M. V. Srinivasan, Dr. D. Osorio and 
Dr. T. Maddess, my principal thesis supervisors, for their experienced supervision and 
invaluable comments in correcting my original draft. I am also deeply indebted to 
Prof. G. A. Horridge for affording me the opportunity to study in the visual sciences 
group. Their interest and guidance have provided a constant source of 
encouragement and inspiration throughout the course of this work. 
It is a pleasure to acknowledge the kind help of Dr. A. James, who generously 
allowed me to use the equipment and facilities for the white-noise study and analysed 
the data in Chapter 5. I am grateful to Dr. E. Warrant for his valuable suggestions 
and comments on Chapter 4 and for showing me the intracellular recording 
techniques. 
I am also thankful to all other members of the visual sciences group for their scientific 
and technical support, especially to Dr. J. Shi, Mrs. L. Marcelja, Mr. M. Holmqvist, 
R. Dubois, M. Snowball and G. Ewyk who always happily gave me unselfish help. 
I must give thanks to my family, especially to my wife, Hsiu-Cheng Chen. Without 
her constant love and support, life during the preparation of this thesis would have 
been much tougher and very difficult. 
The last but not the least, my many thanks to the three examiners, Prof. P. Simmon, 
Dr. M. · · -.. ·. : :and Dr. E. Warrant, for taking the great pain and patience of critically 
reading\'h\oJJgR every single line of my thesis. 
ii 
ABSTRACT 
In this thesis, intracellular recordings were made from the photoreceptors and large 
monopolar cells (LMCs) of the dragonfly, Hemicordulia tau, to study the spectral 
information processing in the early vision of the insect compound eye. 
Photoreceptors recorded from the ventral region of the compound eye could be 
divided into five groups (360 nm, 420 nm, 460 nm, 530 nm and 590 nm) according to 
their peak spectral sensitivities. Compared to the previous study by S. Laughlin in 
1974, where only three spectral classes of photoreceptors were reported, the 420 nm 
and 600 nm classes of photoreceptors are a new discovery. 
The spectral sensitivities of five types of LMC (cell type 1-5) were also recorded. 
Cell type 1 exhibits a broad spectral sensitivity function with maximal sensitivity 
between 480 nm and 510 nm. The spectral sensitivity of cell type 2 has two peaks, one 
in the region between 500 nm and 550 nm and another in the UV region. The spectral 
sensitivities of cell types 3 and 4 are similar to the 420 nm and 530 nm photoreceptors, 
respectively. The main sensitivity peak of cell type 4 is in the 500-550 nm region. The 
spectral sensitivity of cell type 5 is also similar to 530 nm photoreceptor, but the main 
sensitivity peak is at 500 nm. When dark-adapted, the monopolar cells had peak 
spectral sensitivities that were similar to single photoreceptors, or appeared to pool the 
outputs of receptors with different spectral sensitivities. In some cases, spectral 
sensitivity changed markedly upon light adaptation. For example, when cell type 2 was 
light-adapted by 550 nm, its sensitivity to UV light was suppressed. On the other hand, 
when cell type 5 was light-adapted by 550 nm, the absolute sensitivity to 520 nm was 
increased, though the spectral sensitivity remained the same as in the dark-adapted 
state. These effects cannot be explained by selective spectral adaptation. Rather, they 
suggest that this cell type receives synaptic input from more than one spectral class of 
photoreceptor, and that adaptation alters the computation of this input in unexpected 
ways. A control experiment on fly LMCs, which are known~eceive input from a single 
spectral class of photoreceptors, showed no spectral sensitivity change in the light-
adapted state, as expected. These results suggest that the changes of spectral 
sensitivity in the light-adapted lamina monopolar cells of the dragonfly are mediated by 
the interaction of different spectral types of photoreceptors. 
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Previous studies in fly lamina (Laughlin, 1974b; Srinivasan et al., 1982; Laughlin and 
Osorio, 1989) indicated that lateral inhibition affects the spatial and temporal properties 
of lamina cells. Because the lateral inhibition of the LMC could be mediated by 
extracellular photocurrents or particular synaptic inputs (Laughlin, 1974a,b; Shaw, 
1975), I attempted to identify the origin of the lateral inputs by measuring their spectral 
sensitivities as well as looking at their spatio-temporal properties with white-noise 
stimulation. The spectral sensitivities of the inhibitory inputs recorded from two types 
of UV-sensitive LMCs (cell types 2 and 4) in the dark-adapted state were different 
from their spectral sensitivities measured from the hyperpolarizing · centre in the dark-
adapted state, but similar to those on 550 nm light adaptation. That is, the surround 
spectral sensitivity of cell type 2 has a single peak in 500-520 nm region, while cell type 
4 has its sensitivity peak at 340-360 nm. These results suggest that a synaptic lateral 
inhibitory input to the hyperpolarizing centre of the LMC receptive field is provided 
from neighbouring lamina cartridges. 
Experiments with white-noise stimulation were carried out to determine the 
characteristics of the inhibition and the shape of its receptive field. Two spatial 
configurations WFre used for the white-noise experiments: one having the spatial form 
f c\\~c~erhoo..:<9- d th th "th d" ul Anal · f th o a"- ... '.·---- an e o er a spot wt a surroun mg ann us. ysis o e 
kernels obtained from checkboard white-noise experiments reveals that the inhibitory 
signal has a longer latency than that from the excitatory centre. The spatio-temporal 
receptive fields of the dragonfly LMCs show that the shapes of the inhibitory fields are 
diverse, but most of them are bi-lobed. None of the dragonfly LMCs has a receptive 
field with concentric centre-surround configuration. The nonlinear properties of the 
LMCs were examined using spot-annulus white-noise stimulus. The reversed polarity 
found between the second-order kernels of the hyperpolarizing centre and depolarising 
surround indicate an inverted, nonlinear signal contributed by the surrounding 
cartridges. 
These observations are consistent with the presence of synaptic lateral inhibition, in 
addition to the electrical field inhibition that has been postulated as the primary 
mechanism for generating the inhibitory fields of lamina neurons in the insect eye 
(Laughlin, 1974b; Shaw, 1975). Since the lateral inhibition provides both spatial and 
spectral antagonism to the LMCs, it is evident that colour opponency plays an 
important role in the processing of spectral information in the dragonfly lamina. 
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Chapter 1. General Introduction 
I. The motivation for this study 
Vision is an important and efficient 'device' for the survival of many animal 
species. Amongst its various functions, vision provides animals with the ability to 
distinguish a target (e.g. a mate or prey) from a complicated background. When an 
optical signal is received by an eye, the signal is first translated from a physical 
phenomenon into a 'neuro-language' by a matrix of photoreceptors and then 
transmitted to the neurons downstream. Interestingly, early visual processing appears 
to serve the important role of directing the retinal input to qualitatively different 
channels that code separate aspects of the scene. This function depends largely on the 
neural integration and interactions that occur in the first stages of processing. 
Colour, for example, is a meaningful visual signal for many animals, both 
vertebrate and invertebrate. One object can be distinguished from another on the basis 
of colour alone. Colour vision is the capacity for wavelength discrimination which is 
based solely on the perception of the difference in the relative spectral distribution of 
stimuli, independent of their intensities. This capacity is based on the existence of two 
or more photoreceptor types containing photopigments that absorb maximally in 
different regions of the visible spectrum (e.g. Neumeyer, 1991). Because colour 
discrimination is not present in all aspects of visual orientation (Lehrer, 1987; Zhang 
and Srinivasan, 1993), and because of the difficulty of behavioural training, so far, 
only a few invertebrate species (e.g. honey bee and butterfly) have been studied 
carefully enough to draw the conclusion that true colour vision exists (rev. Autrum 
and Thomas, 1973; Goldsmith and Bernard, 1974; Menzel, 1979; Barth, 1985; Menzel 
and Backhaus, 1989). Thanks to the successes of intracellular recording and 
behavioural reinforcement training, it has now been convincingly demonstrated that 
the bee possesses a trichromatic visual system with UV (335 nm), blue (435 nm) and 
green (540 nm) receptors (Autrum and von Zwehl, 1964; Menzel and Blakers, 1976; 
Menzel et al., 1986). Behavioural investigations of colour vision in the honey bee 
have been carried out intensively since Karl von Frisch first demonstrated that bees see 
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the colours of objects as a visual quality different from brightness, at least in the 
behavioural contexts of feeding and homing (von Frisch, 1914; rev. von Frisch, 1967). 
For example, at their feeding place, bees are sensitive to the chromatic properties of 
targets that mark the nectar source. They discriminate flowers with respect to their 
colours (e.g. von Frisch, 1914; von Helversen, 1972). Behavioural experiments also 
demonstrated that, like humans, bees are able to. identify correctly the colours of 
objects in spite of dramatic changes in the spectral content of the illumination, that is 
to say they exhibit colour constancy (Neumeyer, 1981; Werner et al., 1988). It has 
also been demonstrated that the hue perceived by bees when viewing a given colour 
stimulus is altered after adaptation to a different colour stimulus. This phenomenon is 
known as successive colour contrast (Neumeyer, 1981). Colour perception is also 
influenced by the presence of other colours in the surround, an effect described as 
simultaneous colour contrast by Neumeyer (1980). 
It is also possible, however, that various motor patterns underlying different 
behaviours are merely triggered and/or controlled by sets of photoreceptors with 
different spectral sensitivities. Thus, different wavelengths can elicit different 
behaviours in what is described as wavelength-specific behaviour, even if the colour 
differences are not actually "perceived" by the animal (Menzel, 1979). For example, 
movement directed toward or away from a light source can be elicited in most mobile 
invertebrate species (positive or negative phototaxis); the movement of an animal or 
its eyes in response to movement of the surroundings (the optomotor response), is 
driven exclusively by the 'green receptors' (e.g. Rl-6 in the fly: Kaiser, 1968; 540 nm 
receptor in the honey bee: Kaiser, 1974; Kaiser and Liske, 1974). The input to the 
polarized light-detecting mechanism in insects is restricted to short wavelengths: R7-8 
in the fly (Kirschfeld and Reichardt, 1970), the 340 nm UV receptor in the honey bee 
(Menzel and Snyder, 1974), and the 450 nm blue receptor in the cricket (Labhart and 
Petzold, 1993). Even though the spectral sensitivity functions of phototactic 
responses in some species exhibit more than one peak, suggesting the existence of a 
multiple photoreceptor system, phototaxis usually involves simple summation of the 
outputs of different spectral types of photoreceptors and therefore does not represent 
colour vision (e.g. honey bee: Kaiser et al., 1977). 
It has been suggested that colour vision in invertebrates may have evolved 
from wavelength selectivity in the visual control of certain behavioural patterns 
(Menzel, 1979; Neumeyer, 1991), but the neural mechanisms underlying colour vision 
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and wavelength-specific behaviours are not yet clear. Nevertheless, a recent study by 
Chittka and Menzel (1992) demonstrates that the optimal set of 3 spectral 
photoreceptor types for discrimination of floral colour signals agrees with the spectral 
sensitivities of photoreceptors measured electrophysiologically in Hymenoptera, 
indicating either a co-evolution between the colours of flowers and the trichromatic 
visual system of the bees, the pollinators, or, alternatively, a one-sided evolutionary 
tuning of the colour vision of bees (Chittka and Menzel, 1992). The good agreement 
between the colours of flowers and the trichromatic vision of at least some of the 
insects that pollinate them also agrees with various sources of evidence that the most 
useful number of different spectral types may be three, as in some colour vision 
systems in mammals (Jacobs, 1981; Barlow, 1982; Bowmaker, 1991; Neumeyer, 
1991). However, animals with dichromatic vision (e.g. squirrel: Jacobs, 1981; pig: 
Neitz and Jacobs, 1989), as well as animals with more than three spectral 
photoreceptor types can be found in vertebrates and invertebrates (see Neumeyer, 
1991 for review). For example, in vertebrates, both birds (e.g. Pekin robin, Leiothrix 
lutea: Burkhardt and Maier, 1989) and goldfish (Harosi and Hashimoto, 1983; van 
Dijk and Spekreijse, 1984; Neumeyer, 1985) have tetrachromatic colour vision, as 
demonstrated by behavioural experiments or electrophysiological experiments, or 
both. In invertebrates, four spectral types of photoreceptors have been found in the 
butterfly, Papilio aegeus (Matic, 1983; Horridge et al., 1984), and in the dragonfly, 
Sympetrum rubicundulum (Meinertzhagen et al., 1983). Five spectral types of 
photoreceptors have been reported in the butterfly, Papilio xuthus (Arikawa et al., 
1987), and in the dipteran fly (Hardie, 1986). On the other hand, colour vision in 
reptiles and birds is complicated by the fact that the cone inner segments contain 
different brightly coloured oil droplets which act as "colour filters" (see Walls, 1942; 
Muntz, 1972; Wolbarsht, 1976). The oil droplets can produce many spectral types of 
photoreceptors based on only a single visual pigment. In insects, screening of 
proximal photoreceptor rhabdoms by distal rhabdoms can produce colour filtering 
effects similar to those produced by oil droplets in vertebrates (see Menzel, 1979 for 
review). A recent microspectrophotometric study of spectral sensitivity in the central 
band of the eye o;.antis shrimp, which is composed of six parallel rows of ommatidia 
(Horridge, 1978), revealed ten spectral classes of photoreceptors in the retina (Cronin 
and Marshall, 1989). The significance of this finding remains to be clarified. 
As in the mantis shrimp, eye regionalization involving particular spectral types 
of photoreceptors has also been reported in insects (rev. Stavenga, 1992). The eye of 
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the honeybee, for instance, has three areas: the ventral area; the dorsal area; and the 
dorsal rim area (Menzel et al., 1991). Electrophysiological recording reveals that the 
dorsal area contains UV and blue receptors with sensitivity peaks at 330 run and 440 
run, respectively, while the ventral area has the same UV and blue receptors, and, in 
~ 
addition, green receptors withj'sensitivity peak at 530 run (Peitsch et al., 1992). The 
dorsal rim area, like the dorsal area, contains receptors sensitive to ultraviolet light, 
but is particularly sensitive to the direction of polarization of ultraviolet light in the sky 
(Rossel, 1989). It has been suggested that eye regionalization endows the visual 
system with diverse visual characteristics. That is, the ventral eye is responsible for 
colour vision, the dorsal eye is sensitive to small contrasts (enabling detection of small 
prey against the sky), and the dorsal rim is particularly designed for polarization vision 
(e.g. Rossel and Wehner, 1986; 1987). Similar eye regionalization and distributions of 
receptor classes have also been found in the dragonfly (Autrum and Kolb, 1968; 
Horridge, 1969; Eguchi, 1971; Laughlin, 1976b; Laughlin and McGinness, 197S; 
Meinertzhagen et al, 1983). With four spectral types of photoreceptors found in the 
ventral eye, it is very likely that the dragonfly, like the bee, possesses colour vision, 
although the behavioural evidence is still lacking. 
Another interesting example of functional regionalization is the fovea (1ove 
spot') of the male fly Musca (Horridge, 1978; Wehrhahn, 1979; Hardie et al., 1981; 
rev. Hardie, 1986). This is a restricted high-acuity region of the dorsal frontal eye, 
where there is an area of binocular overlap of 4-5° (Collet and Land, 1975; Horridge, 
1978). Behavioural observation of flight paths suggests that male flies fixate the 
females with just this part of the eye during their chases (Wehrhahn, 1979). The 
spectral sensitivities of the central rhabdomeres, R7 and R8, in this region are different 
from those in the rest of the eye (see Fig. 1-1). In the male fovea, both R7 and RS 
contain the same visual pigment as Rl-6. However, whereas R7 has the same spectral 
sensitivity as Rl-6, the spectral sensitivity of RS is distorted by the screening effect of 
the overlying R7 rhabdomere (Hardie et al., 1981). Such distribution of spectral 
sensitivity in the 'love spot' of the male fly could sacrifice colour vision for an increase 
in contrast sensitivity. The foveas, or the acute zones, of other insect compound eyes 
have also been kno,wn, and some insects have more than one fovea in each eye, e.g. 
the dragonfly has three foveas in each eye (rev. Horridge, 1977; 197S). However, the 
composition of the spectral types of photoreceptors in the foveas of other insects is 
still not clear. 
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Figure 1-1. Summary of the different spectral classes in the dipteran retina. Rl-6 
cells fonn a homogeneous population with a dual-peaked (UV and green) spectral 
sensitivity. Both R7 and R8 exist in four different classes. In the male fovea ('love 
spot'), the R7 cells (7r) have the same spectral sensitivity as Rl-6. R8 (8r) has the 
same visual pigment, but a distorted spectral sensitivity due to the filtering effect of 
7r. In a narrow strip of ommatidia along the dorsal margin, both R7 and R8 are 
pure ultraviolet receptors (1/8marg) and in addition are exquisitely sensitive to the 
e-vector direction of polarized light Over the rest of the eye both R7 and R8 come 
in two classes (7 /8y and 7 /8p ). Note the complex shapes of the spectral sensitivities 
in 7y and 8y. (From Hardie, 1986) 
There is a long tradition of studying how the optical signals captured by the 
eye are processed by the visual nervous system (rev. Ratliff, 1965, 1974; Reichardt, 
1969; Laughlin, 1981; Goldsmith, 1989). However, the actual mechanisms of 
interaction and integration are still unclear even for the relatively early stages, for 
example the transmission of signals from photoreceptors to second-order neurons. 
Given that there is more than one spectral type of photoreceptor in the insect retina, I 
decided to extend previous studies of the insect retina to the recipient of its outputs, 
the lamina. The aim was to gain an insight into the mechanisms underlying the 
processing of spectral information in early vision. 
Why the dragonfly? 
The work described in this thesis seeks to investigate how spectral information 
is processed by the photoreceptors and the second-order cells, the lamina monopolar 
cells (LMCs), in the dragonfly retino-lamina system, My choice of an insect, the 
dragonfly rather than other insects or a higher vertebrate, is based on four factors: 
Firstly, photochemistry has revealed that all animals carry essentially the same 
visual pigment, rhodopsin (Schwemer, 1969; Hamdorf, 1979). Furthermore, very 
similar intensity-response functions as well as light adaptation mechanisms (Laughlin, 
1976a; Laughlin and Hardie, 1978), are found in both invertebrate and vertebrate 
photoreceptors. It has been suggested that the photoreceptors and LMCs in the insect 
compound eye are comparable in their roles to the cones and rods and the second-
order neurons, the bipolar cells, in the vertebrate retina (Laughlin, 1981). 
Secondly, the insect visual system provides us with a readily accessible 
preparation for studying signal processing electrophysiologically. The visual system of 
the dragonfly has been investigated electrophysiologically since the 1950's (Mazokhin-
Porshniakov, 1959), and successful recordings of spectral sensitivity from dragonfly 
photoreceptors have been made since the 1960's (Autrum and Kolb, 1968; Horridge, 
1969). The general agreement of spectral sensitivity measurements from the 
photoreceptors of different dragonfly species indicates that the dragonfly compound 
eye is functional over a wavelength spectrum ranging from 300 nm to 600 nm 
(Autrum and Kolb, 1968; Horridge, 1969; Eguchi, 1971; Laughlin, 1976b; 
Meinertzhagen et al., 1983). 
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Thirdly, the anatomy of the optic lobe in the insect compound eye has been 
studied since the tum of this century (Cajal and Sanchez, 1915), and the anatomy of 
the photoreceptor layer and the first optic neuropil, the lamina ganglionaris, have been 
investigated in great detail. In fact, recent anatomical results from electron 
microscopy with Golgi impregnating techniques have revealed complex synaptic 
connections between the photoreceptors and LMCs (Strausfeld, 1976; Strausfeld and 
Nassel, 1981; Meinertzhagen and Armett-Kibel, 1982). As a result of the columnar 
structure in each layer of the insect visual system, the arrangement of photoreceptors 
and neurons behind each facet is repeated thousands of times over the compound eye. 
Corresponding to each ommatidium in the compound eye (which comprises 8 or 9 
photoreceptors) is a neural computing module in the lamina (a so-called cartridge, 
comprising about a dozen neurons) followed by another module in the medulla (a so-
called medulla column) of 40-50 neurons (Strausfeld, 1976). Thus, one can derive 
considerable insights into visual processing in insects by studying the receptors in a 
single ommatidium and the groups of neurons associated with them in successively 
deeper ganglia. In particular, the well known retinotopic projections from the retina to 
the first optic ganglion, the lamina, provide an attractive system for studying spatial 
integration (lateral excitation and summation) at this level. 
Finally, the fly is the most intensively studied preparation anatomically as well 
as physiologically, and we know the principles by which photoreceptor signals are 
encoded and transmitted to the LMCs (Laughlin and Hardie, 1978). However, the 
spectral properties of dragonfly LMCs (Laughlin and Hardie, 1978; Meinertzhagen et 
al., 1983) have not been described as comprehensively as in the fly (McCann and 
Arnett, 1972; Moring, 1978; Laughlin and Hardie, 1978). In the fly, the LMCs 
receive input from photoreceptors with identical spectral sensitivities. By contrast, the 
diversity of photoreceptor types in the dragonfly compound eye suggests that other 
forms of spectral information processing may operate. 
The species used for the studies in this thesis is Hemicordulia tau, which is 
found in large numbers around Canberra during the summer. The physiology of the 
retina and lamina of this dragonfly have been studied by Laughlin (1973; 1974a,b; 
1975; 1976a,b). Hemicordulia is a strongly aerobatic and patrolling dragonfly, and is 
found ranging far from water, as well as over lakes and reed beds. It hunts prey -
mostly small, flying insects - in bright sunlight but can carry on far into the evening 
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when it can hardly be seen by the human eye. The dragonfly eye must therefore be 
adapted to a variety of tasks. 
II. The anatomy of the insect retino-lamina system 
The retina 
The insect compound eye consists of an array of thousands of ommatidia The 
acceptance angle of each ommatidium (the range of directions from which incoming 
light is accepted) is about 1-2°, depending on the location of the ommatidium 
(Horridge, 1977; 1978). In general, the dorsal ommatidia possess smaller acceptance 
angles than those in the ventral eye. 
Beneath the optical apparatus, each ommatidium typically contains eight (e.g. 
fly and dragonfly) or nine (e.g. bee) photoreceptors. Each receptor has a dense 
accumulation of cell membrane facing the centre of the ommatidium. This portion of 
each photoreceptor is called the rhabdomere. Each rhabdomere is composed of small 
parallel tubes of membrane, the microvilli, with numerous photopigment molecules 
attached to the inside surface (Moody and Robertson, 1960; Menzel and Snyder, 
1975; Blest and Sigmund, 1985). The group of rhabdomeres within an ommatidium is 
collectively known as a rhabdom. The rhabdom is the element which receives 
incoming photons focused by the optical apparatus. Photopigments are proteins 
consisting of a chromophoric group, the 11-cis isomer of a vitamin A derivative, 
covalently bound to the protein opsin. In the insect orders, two photopigments are 
found, rhodopsin and xanthopsin, whose chromophores are respectively retinal and 3-
hydroxyretinal (Goldsmith, 1958; Vogt, 1987). Apart from the Odonata, which 
contain both photopigments in the same compound eye (Seki et al., 1989), most 
insects contain one of the two photopigments only (Vogt, 1989). The spectral 
sensitivity of a photoreceptor is determined by the chromophore and the opsin. 
Because each photoreceptor contains photopigment with one of two types of 
chromophore, and there are numerous types of opsin, different combinations of 
chromophore and opsin produce different photoreceptor spectral sensitivities. 
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Insect rhabdoms can be divided into two groups: fused rhabdoms (e.g. in 
dragonfly; Meinertzhagen, 1976) and open rhabdoms (e.g. in fly; Kirschfeld, 1967). In 
the open-rhabdom ommatidium, the rhabdomeres of six of the eight photoreceptors 
(Rl-6) are separated from each other, anatomically as well as optically. R7 and R8 
form a single optical element, being stacked one on the other. Each rhabdomere 
samples visual signals aniving from a different direction, and has a separate receptive 
field (Kirschfeld, 1969). In the fused-rhabdom ommatidium, the rhabdomeres of the 
photoreceptors are all fused together in the centre of the ommatidium, and they all 
share the same receptive field. 
The lamina 
Our knowledge of the lamina cells is based mainly on earlier studies of fly 
lamina (reviews: Shaw, 1984; Strausfeld, 1976). Therefore, it is not surprising that 
the fly is a standard preparation for studies of the insect lamina. Some lamina cell 
types are different among the different insect species. The principal experimental 
animal in this thesis is the dragonfly, Hemicordulia tau, not the fly. To review the 
neural circuitry in the insect lamina, it is useful to start with a brief introduction to the 
fly lamina, and then proceed to a description of the dragonfly lamina. 
The fly 
Like the ommatidia in the retina, there are thousands of retinotopic subunits or 
optic cartridges, in the lamina. There is one cartridge corresponding to each 
ommatidium. Each cartridge is surrounded and isolated by three epithelial glial cells 
(EGCs), and contains an identical set of neurons. These are the lamina monopolar 
cells (LMCs), amacrine cells, one or two centrifugal cells, one medium-field and two 
giant wide-field tangential cells, a basket fiber, and the photoreceptor cell axons (Fig. 
1-2; Strausfeld, 1976; Shaw, 1984). Consequently each cartridge canies out the same 
set of neural computations, and the cartridges are repeated in parallel across the 
lamina. In other words, the lamina is made up of an array of parallel modules, each 
receiving input from the neurons entering a cartridge from the retina and delivering 
outputs through the neurons leaving the cartridge for the medulla. 
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Figure 1-2. The fifteen types of neurone in the lamina of a calliphorid or muscid fly, with 
their terminals in the medulla. (From Shaw, 1984). 
The lamina neurons may be divided into three categories, afferent processing, 
feedback system and inter-cartridge connection, according to the direction of 
information flow. 
Afferent processing. In the fly, each cartridge has six photoreceptor (Rl-6) cell 
axons. These six axons originate from six different, but neighbouring ommatidia and 
terminate in the lamina. These six axons are also called short visual fibers (svfs). 
Although they are from different neighbouring ommatidia, all the six photoreceptors 
view a common point in space and synapse onto three LMCs (Ll-3). This is the so-
called "neural superposition" projection (rev. Kirschfeld, 1969; Trujillo-Cen6z, 1972; 
Braitenberg and Strausfeld, 1973). The other two photoreceptors, R7 and R8, project 
their axons, the so-called long visual fibers (lvfs), directly from the retina to the 
second optic neuropil, the medulla, without any synaptic contact in the lamina 
(Trujillo-Cen6z and Melamed, 1966; Braitenberg, 1967; Kirschfeld, 1967). Among 
the five types of LMCs, only three types, Ll, L2 and L3, are second-order neurons 
which receive inputs directly from Rl-6. L4 and LS, on the other hand, are third-
order neurons receiving their input frqm amacrine cells. The basket fiber (Tl), which ,, 
has a cell body in the medulla and no direct input from the photoreceptors, is also a 
third-order neuron. 
Feedback systems. Five efferent neurons are derived from the medulla. According to 
their dendritic arborisation in both the lamina and medulla, C2 and C3 would appear to 
be narrow-field units confined to one cartridge, while TANl, TAN2 and TAN3 appear 
to be wide-field elements running to many cartridges (Strausfeld and Campos-Ortega, 
1977; Nassel et al., 1983). The Tl (beta) process is thought to be a feedback system 
acting at the photoreceptor terminals, and there is also feedback from L2 to the 
receptors (Campos-Ortega and Strausfeld, 1973). 
Inter-cartridge connection. In addition to the afferent neurons (e.g. LMCs) and the 
efferent neurons (e.g. C2, C3 and TANl-3), the amacrine cells are the major neuronal 
connections between cartridges. They send no axon processes to the medulla. Each 
amacrine cell sends one or two of its sinuous a-processes along the cartridge, between 
pairs of photoreceptor terminals. Since there are six amacrine processes per cartridge, 
these are believed to come from several different amacrine cells and to be associated 
with most neurons in each cartridge. In addition to the amacrine cells, L4 has two 
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branches which contact the L4 neurons in neighbouring cartridges (Strausfeld and 
Campos-Ortega, 1977). 
The dragonfly lamina 
The compound eye and optic lobes of the dragonfly larva, Aes~hna, were first 
studied anatomically in the early part of this century (Zawarzin, 1913). The lamina of 
the dragonfly Sympetrum was studied over fifteen years ago (Annett-Kibel et al., 
1977, Meinertzhagen et al., 1980; Meinertzhagen and Armett-Kibel, 1982), and the 
cellular and synaptic organisation of different LMC types is well known. These 
studies were restricted to the five types of LMC and their connectivities. Because the 
majority of experiments in this thesis are performed on dragonfly LMCs, I will 
describe these LMCs in detail. 
What are the major differences between the fly lamina and the dragonfly 
lamina? First, in the dragonflies, all axons belonging to one ommatidium project to the 
cartridge just beneath their ommatidium of origin. Thus, unlike the fly, the receptor 
axons do not diverge to neighbouring cartridges (Meinertzhagen and Annett-Kibel, 
1982). This is contrary to the "neural superposition" projection in fly lamina. Other 
insects, such as bees and butterflies that also have fused-rhabdom ommatidia, are also 
non-neural superposition (Ribi, 1981). Six svfs and two lvfs enter each dragonfly 
lamina cartridge, as in the fly lamina, but in the dragonfly both the svf s and lvfs have 
synaptic contacts. in the lamina (Meinertzhagen and Annett-Kibel, 1982). The 
receptor terminals are arranged in pairs, which are matched in size, position and 
length. One pair (R2&3) terminates in the distal portion of the cartridge, while the 
remaining two pairs (Rl&4 and R5&8) terminate at the proximal border (Armett-
Kibel et al., 1977). 
In each dragonfly lamina cartridge, there are five morphological types of LMCs 
(MI, II, III, IV and V). Four of them (MI-ill and M V) are second order neurons, 
and the other one (M IV) is the only third order neuron in the lamina cartridge (Fig. 1-
3; Meinertzhagen and Annett-Kibel, 1982). Both MI and M II have a larger cell body 
and thicker axons. They are always located in the middle of the cartridge, and are 
surrounded by the retinular axons. The distribution of M I and M II dendrites in 
general reflects the geometry and extent of synaptic engagement with surrounding 
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Figure 1-3a-b. Summary diagram of the monopolar input and output pathways in the 
lamina of Sympetrnm. Retinular input pathways to monopolar cells are shown with thick 
lines. Connections that are reciprocal are shown with reversible ( {:::::}) arrows. A minor 
output pathway from M III to RS is omitted for clarity. (Figures are from Meinertzhagen 
and Armett-Kibel, 1982 and Meinertzhagen et al., 1983). 
retinular terminals (Fig. 1-3). In other words, both M I and M II receive synaptic 
inputs from all svfs (Rl-5 and R8). In addition, M II has synaptic inputs from the two 
lvfs (R6 and R7), thus receiving a comprehensive receptor input M I forms an output 
back upon certain of its retinular inputs and upon M IV. M III, M IV and M V are 
slender and occupy polar positions in the cartridge. M III receives a selective input 
from Rl and forms another important output upon M IV. M V and M IV, like M II, 
have no output within the lamina, but M V, like M III, receives selective inputs from 
the two lvfs (Meinertzhagen and Annett-Kibel, 1982). 
In addition to the neural projection from the retina to the lamina, the ex-
processes of amacrine cells are also found in the dragonfly lamina cartridge 
(Meinertzhagen and Annett-Kibel, 1982). Both M I and M III receive an input from 
the ex-processes and have an output upon ex-processes, while M IV and M V are 
postsynaptic to the ex-processes. In contrast to the L4 of the fly lamina, however, no 
LMC is found with branches making inter-cartridge connections in the dragonfly 
lamina. So far, the centrifugal neurons from the medulla of the dragonfly have not 
been investigated. 
III. Signal processing in the retino-lamina system 
The photoreceptor response 
Vision begins with the absorption of photons by the photopigment in a 
photoreceptor cell. Before a photon is absorbed, the chromophore group is in the 11-
cis configuration which kinks the opsin molecule. Once a photon is absorbed by the 
photopigment, the chromophoric group changes to the all-trans configuration. This is 
followed after some time by a detachment of the chromophoric group from the opsin, 
and a coloured compound, the metarhodopsin, is formed (rev. Hamdorf, 1979). 
These changes trigger a series of biochemical phototransduction events inside 
the photoreceptor, resulting in a flow of ionic current and a change in the voltage 
across the cell membrane. In very dim light, it is possible to measure potential changes 
across the photoreceptor membrane in response to the absorption of single photons 
(e.g. in fly: Hardie, 1979). These relatively small, discrete depolarizations were first 
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discovered in the lateral eye of Limulus, and called "quantum bumps" by Yeandle 
(1958). The average rate of occurrence of quantum bumps increases with light 
intensity. Beyond a certain intensity, the quantum bumps merge to form a continuous 
depolarising membrane potential (rev. Jarvilehto, 1979). 
At higher light intensities, the photoreceptor response potential is a graded 
function of light intensity (see also Fig. 2-3). The potential spreads passively along the 
axon to the first synapse in the lamina (Zettler and Jarvilehto, 1973). When a 
sustained light stimulus is applied, two components of light adaptation can be seen in 
the response waveform. The first is a fast phase, which comprises an attenuation of 
the initial peak response to a plateau level. This phase is completed within 100 ms. 
The second is a slow phase which takes the form of a steady attenuation of the plateau 
level lasting up to 60 s (Laughlin and Hardie, 1978). On light adaptation, any 
superimposed test flash will produce an incremental response added on to the steadily 
attenuating plateau. level. The latency of the response decreases with increasing light 
intensity. The intensity/response function of a photoreceptor can be plotted as 
measurements of peak voltage response (V) against th~ logarithm of stimulus intensity 
(log I). The V-log I curve for a photoreceptor spans typically 4-5 log units from 
threshold to saturation of the response (e.g. blowfly: Dorrscheidt-Kafer, 1972). 
Neurotransmitters 
When the depolarizing membrane potential produced in the photoreceptor 
reaches the photoreceptor terminals in the lamina, signal transmission to the LMCs 
occurs via chemical synapses between the terminals and the LMCs. In the fly 
(Musca), intracellularly recorded responses to ionophoretically applied pulses of 
histamine (HA) indicate that HA is the synaptic transmitter responsible for the 
conversion of depolarizing potentials in the photoreceptor to hyperpolarzing potentials 
in the LMCs. On the other hand, glutamate and y-amino butyric acid (GABA) could 
serve an antagonistic role (Hardie, 1987). When a steady ionophoresis of 
acetylcholine (ACh) is applied (Hardie, 1987), ACh, in contrast to HA and GABA, 
causes large depolarizations in LMCs, the size of the 'off transient is increased, and 
the waveform of the response to light flashes becomes more biphasic, mimicking light 
adaptation (see below). 
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LMC responses and signal processing 
Investigation of the transmission of the visual signal from the photoreceptors 
to the second order neurons began when the responses of fly lamina neurons were first 
recorded intracellularly by Autrum et al. (1970). However, due to the difficulty of 
electrophysiological recording (which cannot be over-emphasized), the physiological 
study of lamina cells is still mainly restricted to LMCs. Although the LMCs are 
crucial signal conduits in the pathway to the medulla, almost nothing is known about 
the physiological properties of other cells in the lamina. Therefore, only the LMCs 
and the related retinal inputs are described here. 
The second order LMCs (e.g. Ll-3 in the fly lamina; MI-III and M Vin the 
dragonfly lamina) transmit and amplify the graded potential signals actively to the 
medulla with a transient and inverted membrane potential (Zettler and Jarvilehto, 
1973; Laughlin, 1973). The response waveforms and intensity-response functions (V-
log I curves) of the fly and dragonfly LMCs in the dark- and light-adapted states were 
compared elegantly by Laughlin and Hardie (1978). Dark-adapted LMCs respond 
with a graded, intensity-dependent hyperpolarising 'on' transient, a plateau phase and a 
depolarising 'off transient. These transients are not seen in the photoreceptor and 
must be generated during transmission from the photoreceptor cell to the LMC. When 
the eye is light-adapted, the plateau component is abolished and the 'on' and 'off 
transients become faster. Thus, the light-adapted LMC response to a constant 
intensity stimulus rapidly falls to insignificant levels. At any given background 
intensity, the amplitude of the LMC response is a function of the contrast that the 
incremental stimulus provides over the background. The intensity range over which 
peripheral neurons and photoreceptors operate at any one state of adaptation is limited 
to 4-5 log units. Environmental light intensities can vary over ten or more orders of 
magnitude (Wyszecki and Stiles, 1967). The sensitivity to contrast, rather than 
absolute intensity allows the visual system to function effectively and consistently over 
a wide range of ambient light-levels. That is, stimuli of constant contrast at a number 
of different background intensities, evoke roughly the same responses in the LMCs. 
Furthermore, regardless of the intensity level of the background illumination, the 
contrast efficiency (the slope of the V-log I curve) of the LMCs remains about 8-10 
times that of the photoreceptors under the same conditions (Laughlin and Hardie, 
1978). Based on the similarity of the relationships between the responses of the 
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photoreceptors and the LMCs in the compound eye, and the responses of the cones 
and the bipolar cells in the vertebrate eye, Laughlin and Hardie (1978) concluded that 
a common strategy underlies signal transformation in the early stages of vision in both 
systems. 
Inhibition 
Extracellular recording in the lamina reveals a depolarisation in response to 
light (Laughlin, 1974a). The extracellular lamina depolarisation exhibits the properties 
of a response that is summed from several retinula cell somata. It has a high signal-to-
noise-ratio even at low intensities, exhibits a broad spectral sensitivity and a larger 
receptive field than that of the photoreceptor or of axonal responses in the lamina 
(Laughlin, 1974a,b). It has been suggested that the origin of the lamina depolarisation 
is in extracellular currents, and that these extracellular currents may act as a negative 
feed-back within the lamina to produce electrical lateral inhibition (Laughlin, 1974a). 
A resistance barrier model was proposed by Laughlin (1974a) and, later, by 
Shaw (1975) to represent the process of electrical lateral inhibition in the insect lamina 
(Fig. 1-4; rev. Laughlin, 1981; Shaw, 1981, 1984). When a photoreceptor is 
stimulated by light, part of the current generated by the·photoreceptor flows out at the 
photoreceptor terminal into the surrounding extracellular space. Because the normal 
external return path for photocurrent is blocked by a high resistance barrier (each 
lamina cartridge is separated from its neighbours by glial cells which may restrict 
current flow across the array), the unilluminated photoreceptor terminals in 
neighbouring cartridges carry most of the return current to complete the circuit. This 
current is directed inwards into these photoreceptor axon terminals, hyperpolarising 
them, and suppressing transmitter release at the synapses. Normally, the 
hyperpolarization is masked by the depolarization of the cell in response to off-axis 
stimulation. It is revealed only when the off-axis stimulation is presented by an 
opaque barrier, as.shown in Fig. 1-4. The extracellular current in the lamina forms an 
electrical lateral inhibition. 
By examining the LMC response waveform and the intensity-response 
characteristics, two classes of inhibition, intra- and inter-cartridge inhibition, were 
determined (Laughlin, 1974b). Intra-cartridge inhibition is driven by inputs derived 
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Figure 1-4. Extracellular inhibition of one photoreceptor by another. The scheme 
originally developed for the locust, to explain current flow during electrical presynaptic 
inhibition (Shaw, 1975). Photocurrents (small arrows) from the terminal of an 
illuninated photoreceptor, (1) spreadslater,ally amongst the cartridges. Because the more 
direct return circuit is blocked by an extracellular barrier, R, some of the current enters 
and travels inside other less stimulated receptors, such as 2. Current entry concentrated 
at the terminal will hyperpolarize the membrane there, reducing any existing transmitter 
release. Because the parasitic current has to leave receptor 2 and travels over a wide 
area of soma, only a small depolarization is produced there. The actual recorded wave 
shapes are incidental, and will depend on the position of the reference electrode and the 
presence of blood channels in the eye at G. Because the receptor 2 forms an external 
potentiometric loop in parallel with the real ground at G (the effective position of the 
reference electrode), G' is a null-point (virtual ground) that exists at some point along 
the intracellular pathway 2. S, opaque mask, preventing a light flash falling on 
photoreceptor 2. e, extracellular recording micropipette, set about 20 µm back from 
intracellular recording pipette, i. (From Shaw, 1975). 
from the same cartridge as the LMC under examination. This is probably achieved by 
the synapses that feed back from the second-order and third-order neurons on to the 
receptor terminals (e.g. Tl), and also by the extracellular field potentials that can be 
recorded within lamina cartridges (Shaw, 1981). Whereas, inter-cartridge inhibition is 
derived from other cartridges and could be mediated by some unknown intemeurons. 
These inhibitory inputs shape the LMC waveform and are responsible for determing 
the transfer of spatial and temporal information to the medulla. In the temporal 
domain, both inter- and intra-cartridge inhibitions proceed relatively slowly when 
compared with the "on" transient and sustained plateau of the excitatory response of 
the LMCs. In the spatial domain, the inter-cartridge inhibitory effects narrow the 
half-widths of the receptive fields of LMCs when compared to those of photoreceptors 
and receptor axons in the lamina (Laughlin, 1974b). Moreover, because steady 
background illumination (light adaptation) increases the steady extracellular 
photocurrents in the lamina, inhibition in the light-adapted state will be stronger and 
therefore produce narrower LMC receptive fields. 
IV. Contrast coding in the retino-lamina system 
In natural scenes, very few objects are self-luminant An object can be seen 
because the object reflects into the eye a fraction of the light falling upon it. As 
mentioned above, the intensity of background illumination varies from time to time 
and from location to location. However, the fraction of light reflected by an object 
remains constant, and thus contrast coding is the most invariant way in which the 
visual system can encode the information in a scene. Because the contrast signal is a 
fraction of the total range of receptor response amplitudes, and this small contrast 
signal is superimposed on a substantial background component, the receptor response 
does not code contrast per se. On the other hand the LMCs, as we shall see below, 
encode contrast quite reliably (rev. Laughlin, 1989). 
As the receptor signal is transferred by the synapse to the LMC, first of all, 
neural adaptation in the lamina removes the background component, leaving only the 
transient "On" and "Off' responses. Much of the neural inhibition is generated within 
a single cartridge, as intra-cartridge inhibition. The available evidence suggests that 
the inhibition acts presynaptically by subtracting away the steady voltage, representing 
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background intensity, from the receptor terminals (Laughlin, 1974b; Shaw, 1984). On 
the other hand, the inter-cartridge inhibition contributes an antagonistic input from the 
neighbouring cartridges, which subtracts the mean background signal from the 
surrounding area (Laughlin, 1974b; Shaw, 1984). With the lateral antagonism acting 
upon the hyperpolarising response, the receptive field of the LMC was proposed to be 
composed of an excitatory centre and an inhibitory surround, and is therefore said to 
have an antagonistic centre-surround organisation. A recent white-noise study of the 
spatiotemporal receptive fields of fly LMCs (James and Osorio, 1994), however, 
suggests that the inhibitory fields may be organized as lateral flanks rather than as a 
concentric annulus. 
Be that as it may, how is the mean value of background intensity computed for 
the subtraction? This is likely to be done by measuring a local mean of the receptor 
outputs over the retina (Dubs, 1982). This mean is local and not global because the 
local value of background intensity will change across the retina and the global mean 
will not be appropriate for all retinal regions. On the other hand, if the local mean 
value is computed over too small an area, the mean intensity will resemble the local 
pattern intensity, and most of the visual information will be subtracted. What, then, is 
the best size of the patch over which the mean intensity should be computed? A 
theory developed for computer image processing suggests that the local mean at a 
given point on the retina is best estimated from a surrounding region (rev. Gonz.alez 
and Wintz, 1977; Srinivasan et al., 1982), where the surround weights are dynamically 
adjusted according to the signal to noise ratio. When one subtracts away from the 
signal received at any point the local mean weighted by the surround, the amplitude of 
the remaining signal is greatly reduced but very little information is lost. Srinivasan et 
al. (1982) were able to demonstrate that the fly LMC removes the redundant 
"background" signal in this way. Furthermore, the theory predicts that the retinal area 
over which the mean intensity is computed should vary with light level. At high 
intensities, the photoreceptor signal is reliable and the nearest neighbours provide a 
satisfactory estimate of the local mean. As the intensity falls, photon fluctuations lead 
to a decline in the signal to noise ratio in the photoreceptors, consequently more 
receptor signals must be pooled to derive a reliable estimate of the mean intensity. 
More recently, a somewhat different theory has been proposed by van Hateren 
(1992a,b), to account for the spatial receptive fields and the temporal impulse 
responses of the LMCs. Like the predictive coding theory, this theory assumes that 
the channel is noisy and limited in its dynamic range. However, given the spatial and 
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temporal power spectra of the visual input, this theory yields the optimum spatial 
receptive field and the optimum temporal impulse response that maximise the 
information transfer capacity of the channel for any signal/noise ratio. The attractive 
feature of this theory is that it predicts accurately not only the widening and flattening 
of the inhibitory surround as the ambient intensity is lowered, but also the widening of 
the excitatory centre. 
After subtraction of the background, the remaining contrast signal is amplified 
to fill the limited dynamic response range of the LMCs. As mentioned above, the 
voltage gain is between eight and ten and remains in this range at all background 
intensities (Laughlin and Hardie, 1978). That is, the light-adapted LMC is extremely 
sensitive to small intensity fluctuations. Two pieces of anatomical evidence can be 
related to this function: (1) the convergence of several receptors on to one LMC and, 
(2) the very large number of parallel synapses that link each receptor terminal to the 
LMC (fly: Strausfeld and Nassel, 1981; Shaw, 1984; dragonfly: Meinertzhagen and 
Armet-Kibel, 1982). Because all the retinula cells that converge onto one LMC in a 
cartridge share the same receptive field, pooling the output of several receptors 
improves the signal sensitivity in the LMC without sacrificing any spatial resolution. 
The amplification of a small presynaptic signal to a large postsynaptic signal can be 
achieved by releasing a large dose of transmitter at the synapses. Because the receptor 
to LMC synapse is built from about 200 anatomical subunits (rev. Shaw, 1989) the 
presynaptic signal in the photoreceptor can be increased in the LMC by synaptic 
amplification. Consequently, a given degree of contrast in the environment will 
produce a greater change of membrane potential in an LMC than in a retinula cell. In 
other words, the LMC has a much higher contrast efficiency than the photoreceptor 
(Laughlin, 1989). 1 
As a consequence of the inhibition and amplification, a small photoreceptor 
potential change is converted into a large membrane potential in the LMCs. The 
increase in gain, made possible by the subtraction of redundant "background" signals 
in part serves to safeguard the improvement in signal to noise ratio afforded by 
convergence of 6 photoreceptors onto each of Ll and L2. Another benefit of 
processing signals in this way is that amplifying the relevant portion of the signal early 
in the visual pathway makes the signal more robust to the noise that is inevitably 
encountered at subsequent synapses along the visual pathway (Srinivasan et al., 1982). 
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V. Chromatic coding in the early visual system 
As well as signal transmission and contrast coding, we have a good 
understanding of colour coding in the fly retino-lamina system. Because the Rl-6 
photoreceptors of flies constitute a single spectral class (McCann and Arnett, 1972; 
Horridge and Mimura, 1975), and all of the inputs to the second-order neurons in fly 
lamina are derived, directly or indirectly, from Rl-6 receptors, it is not surprising that 
all of the second-order neurons have similar spectral sensitivity functions (Moring, 
1978; Laughlin and Hardie, 1978). It has also been concluded that colour information 
is transmitted to the medulla through two channels, one comprising the Rl-6 receptors 
and second-order lamina neurons, and the other comprising the long visual fibers, R7 
and R8 (rev. Hardie, 1986). 
The situation is less clear, however, in insects whose LMCs receive inputs 
from different spectral types of photoreceptors. In general, the eight photoreceptors 
of an ommatidium can be classified into several types, according to their intracellularly 
measured spectral sensitivities. For example, in the honeybee there are three types 
with peak sensitivities at 335 nm, 435 nm and 540 nm (Menzel and Blakers, 1976), in 
the dragonfly Sympetrum there are four types with peak sensitivities at 340 nm, 410 
nm, 490-540 nm and 620 nm (Meinertzhagen et al., 1983) and in the butterfly Papilio 
there are five types at 360 nm, 400 nm, 460 nm, 520 nm and 600 nm (Arik:awa et al., 
1987). It has long been known that butterflies can discriminate the colours of different 
flowers (rev. Barth, 1985). The colour vision of the honeybee, Apis mellifera, is 
better understood than that of any other insect (rev. Menzel, 1979; Menzel and 
Backhaus, 1989). So far, there is no behavioural evidence to demonstrate that the 
dragonfly has the ability to distinguish colours. 
The co-evolution of insects and flowering plants offers a simple explanation as 
to why some insects, such as butterflies and bees which are nectar foragers, have 
evolved colour vision. In contrast, some insects like dragonflies which are known 
from the Carboniferous era, long before flowering plants became numerous in the 
flora, might be expected to have poor or no colour vision. It is likely that the different 
spectral types of photoreceptors in the insects without colour vision are specialised for 
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So far, there is relatively little information on the spectral properties of the 
LMCs of insects with fused rhabdoms, due to the difficulty of intracellular recording in 
the lamina. The findings from the literature are summarized below. 
Butterfly. In addition to cells with broad spectral sensitivities, some butterfly lamina 
cells having spectral sensitivities with a narrow peak were found by Horridge et al. 
(1984). The peak wavelengths of these cells are either at 500 nm or 550 nm. It has 
been suggested that the lamina cells with a narrow spectral sensitivity peak are related 
to colour specific behaviour rather than colour vision (Horridge et al., 1984). The cell 
types were not identified anatomically. 
Bee. The spectral sensitivity of bee LMCs was recorded first by Menz.el (1974) and 
later by de Souza.et al. (1992). All of the LMCs recorded in bees showed a peak at 
about 482 nm or between 510-535 nm. In some LMCs there is an increase in 
sensitivity at 316 nm, the shortest wavelength tested (Menzel, 1974). Some of the 
LMCs with a broad spectral sensitivity function probably receive excitatory inputs 
from 435 nm and 540 nm photoreceptors (Menzel, 1974). Two LMCs have been 
marked with Lucifer Yellow, but these spectral sensitivities were not measured (de 
Souza et al., 1992). 
Dragonfly. The spectral sensitivity of dragonfly lamina cells was recorded first in 
Hemicordulia tau by Laughlin (1976a). All of the recordings were from unlabelled 
cells. The reported units exhibited only broad spectral sensitivity functions (Laughlin, 
1974a). In another dragonfly species, Sympetrum rubicundulum, Meinertzhagen et al. 
(1983) were able to record the spectral sensitivities of LMCs and also to mark them 
with Lucifer Yellow. According to the anatomy, MI and M II are postsynaptic to all 
the eight photoreceptors in one ommatidium, and it is predicted that these two LMCs 
should have a broad spectral sensitivity function. On the other hand, two LMCs, M 
III and M V, receive inputs from specific photoreceptor classes. Thus, their spectral 
sensitivities could be similar to those of their input photoreceptors. Based on the 
measured spectral sensitivities and the profiles of the labelled cells, Meinertzhagen et 
al. (1983) divided· four recorded lamina hyperpolarising units into three classes. One 
of two units, with a peak sensitivity between 495 and 527 nm, was successfully 
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marked with Lucifer Yell ow, and it was suggested that this monopolar cell belongs to 
one of the three cells Mm - M V. Another unit, with peak sensitivity at 408 nm was 
also confirmed as a monopolar cell from dye filling. A third unit, which was not 
marked, had a sensitivity peak at 527 nm. It exhibited high sensitivity (60 %) at 
wavelengths longer than 500 nm. In contrast to the previous study in the lamina of 
Hemicordulia tau (Laughlin, 1974a), no units'with broad spectral sensitivities were not 
recorded fromlSympetrum lamina (Meinertzhagen et al., 1983). 
t'Ae. 
VI. The challenge ahead 
Although the previous studies have made an attempt to clarify signal 
processing in the retino-lamina system, there are obviously several interesting 
questions which remain unanswered. 
Firstly, we do not know how many spectral types of LMCs there are in the 
insect lamina. In fly, only the spectral sensitivities of Ll and L2 are known so far. 
The model of signal and contrast coding in the fly retino-lamina system has been 
compared to the system of other insects (Laughlin, 1989), but it is not suitable to 
apply the fly model to the bee or dragonfly lamina, where LMCs could receive spectral 
inputs from more than one spectral type of photoreceptor because different spectral 
types of LMCs have been recorded inl bee, butterfly and dragonfly. To understand 
how spectral signals are coded by th~different types of LMCs, it is essential to 
combine measurements of spectral sensitivity with identification of cell type. 
Furthermore, Strausfeld and Lee (1991) suggest that the different types of LMCs 
could have evolved for different visual functions. For instance, in the fly, L3 could be 
specialised for colour processing, and Ll and L2 for motion processing (Fig. 1-5). 
Therefore, it should be very interesting to compare the spectral sensitivities of 
different LMC types. 
Secondly, some previous studies have considered the effects of light adaptation 
on the responses of lamina cells, but most of these studies have concentrated on signal 
and contrast coding rather than colour coding. In the fly, light-adapted response 
waveforms, angular sensitivity, and spectral sensitivity have been studied previously, 
but the results are not suitable for further discussion of spectral information processing 
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as explained above, because it appears that colour information is not processed in the 
lamina of this insect. Because some insects, such as the fly, bee, butterfly and 
dragonfly, which may have colour vision or colour specific behaviour, are diurnal, the 
effects of light adaptation should also be considered when studying spectral 
information processing in the retino-laminal system. So far, most spectral sensitivity 
measurements, whether in photoreceptors or LMCs, have been performed under dark-
adapted conditions. Thus, the spectral sensitivity functions of insect LMCs in the 
light-adapted state are still unknown. Furthermore, it would be interesting to examine 
which wavelengths of light adapt the cells most efficiently. 
Thirdly, the extent and role of lateral inhibition in colour vision is not clear, 
and the spectral properties of lateral inhibition are still unknown. The spectral 
sensitivity of the electrolaminogram of the butterfly suggests that the contribution of 
extracellular photocurrents is dominated by "green" photoreceptors (Horridge et al., 
1984). This finding supports previous resistance barrier models (Laughlin, 1974b; 
Shaw, 1975; Matic, 1983). However, it is not yet clear whether the "green" 
photoreceptors provide the major inhibitory inputs to the LMCs. More specifically, it 
is not clear whether the origin of the inhibition in these insects is extracellular, synaptic 
or both. If the lateral inhibition is synaptic, what is its spectral sensitivity? And which 
spectral types of photoreceptors are involved? It is also possible that different types of 
LMCs receive inhibitory inputs from different spectral types of photoreceptors. 
VIL Outline of the thesis 
To understand how spectral information is processed in insect vision, it is 
necessary, firstly, to have a clear knowledge of the spectral sensitivities of the 
photoreceptors. Therefore, I have examined the spectral sensitivities of a large 
number of photoreceptors in the dark-adapted ventral retina, using intracellular 
recording techniques. These results are described in Chapter 2. I find that 
photoreceptors recorded from the ventral region of the compound eye can be divided 
into five spectral classes. 
In Chapter 3, I investigate the spectral sensitivity of cells in the ventral lamina 
by intracellular recording and Lucifer Yellow labelling. Five types of LMCs were 
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recorded from. The anatomical identification allows tentative assignment to the 
monopolar cell classification from Sympetrum rubicundulum obtained by 
Meinertzhagen and Annett-Kibel (1982) using Golgi staining. In addition, I 
investigate the possibility that spectral processing in insect vision could adapt to 
changes in ambient light I do this by comparing the spectral sensitivities of lamina 
cells under dark-adapted and light-adapted conditions. The same experiment is also 
performed on the fly, as a control. 
In Chapter 4, I study the integration of different spectral signals in lamina cells 
by comparing the spectral sensitivities of the hyperpolarizing (excitatory) and 
depolarizing (inhibitory) components of the responses of two UV-sensitive LMC 
types. Because lateral inhibition could be mediated either by extracellular 
photocurrents or synaptic inputs from specific photoreceptor types (Laughlin, 
1974a,b; Shaw, 1975), it is possible to identify the origin of the lateral inputs by 
measuring their spectral sensitivity. In addition, the time courses of the impulse 
responses of the LMCs are also compared. 
In Chapter 5, the integrative properties of the different types of LMCs in the 
dragonfly are investigated in the spatial and temporal domains by using white-noise 
stimulation. These results are compared to previous studies of the fly lamina (James, 
1992; James and Osorio, 1994). 
In summary, this study combines measurements of spectral, spatial and 
temporal properties of anatomically identified lamina cells. The results enable 
considerable progress to be made towards a comprehensive characterization of early 
visual processing in insects. 
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Chapter 2. Spectral Sensitivities of the Photoreceptors 
Summary 
Five spectral types of photoreceptors with estimated peak sensitivities at 360 
nm, 420 nm, 460 nm, 530 nm and 590 nm were recorded from the dark-adapted ventral 
eye of the dragonfly, Hemicordulia tau. Often the 530 nm photoreceptors presented 
broader, and the 600 nm photoreceptor narrower, spectral sensitivities than would be 
expected of a photopigment with the same peak sensitivity. The spectral types of 
photoreceptors are similar to the five types recorded from a Papilionid butterfly, Papilio 
xuthus (Arikawa et al., 1987). Three 530 nm photoreceptors were recorded after 
adaptation to 550 nm light. The adaptation caused a reduction of the absolute 
sensitivity at 520 nm by about 1.5-2.0 log units, but the spectral sensitivity changes of 
the three photoreceptors were insignificant. This indicates that 550 nm adapting light (at 
the intensity used) does not affect the spectral sensitivity function of the photoreceptors. 
However, as we will see in the next chapter (Chapter 3), the spectral sensitivity 
functions of some dragonfly LMCs are changed markedly by this adapting light, even 
though the adapting intensity used in the lamina recordings is dimmer than in the 
photoreceptor recordings. 
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I. Introduction 
The dragonfly is one of the fastest flying insects in the world. In order to serve 
its fast-flying predatory behaviour, the dragonfly has developed a very obvious and 
effective functional organ, the compound eye and its associated visual system. The 
dragonfly compound eye can be divided into two parts, the dorsal and ventral eye, by 
the different colouration of these two parts (Watson et al., 1991; Stavenga, 1992). For 
example, the compound eye of the dragonfly used in this study, Hemicordulia tau, has a 
reddish dorsal part and a greyish ventral part due to different screening pigments in the 
two regions (Laughlin and McGinness, 1978). The basic unit of the compound eye is 
the ommatidium. Within each dragonfly ommatidium, there are eight photoreceptors 
with a characteristic proximo-distal distribution which is manifest in the tiered 
contribution of the rhabdomeres to the fused rhabdom (Fig. 2-1; Horridge, 1969; 
Laughlin and McGinness, 1978; Arrnett-Kibel and Meinertzhagen, 1983). The 
photoreceptors transduce light from the environment into electrical signals and transfer 
it to the first optic neuropil (the lamina). 
Electroretinogram (ERG) techniques have been applied to the study of the 
dragonfly's compound eye since 1959 (Mazokin-Porshniak:ov, 1959), but ERG studies 
(Ruck, 1965) are unsuitable for analysis at the single unit level, as pointed out by 
Horridge (1969). So far, the spectral sensitivity of dragonfly photoreceptors has been 
studied intracellularly in 6 different species: Aeschna cyanea, Aeschna mixta (Autrum 
and Kolb, 1968; Eguchi, 1971), Anax juniusn, Libellula needhami (Horridge, 1969), 
Sympetrum rubicundulum (Meinertzhagen et al., 1983) and Hemicordulia tau 
(Laughlin, 1976b). The general distribution of different spectral types of 
photoreceptors in the compound eye of the dragonfly has been reviewed by Menzel 
(1975). These previous studies indicated that the dorsal part of the dragonfly's 
compound eye is sensitive to short wavelength light (356 nm and 475-519 nm in 
Aeschna; 410 nm in Libellula; 380 nm in Anax), while the ventral eye contains a 
mixture of photoreceptors (Autrum and Kolb, 1968; Horridge, 1969; Laughlin, 1976b; 
Meinertzhagen et al, 1983). 
Spectral sensitivities in the retina of the ventral part of the compound eye and in 
the lamina monopolar cells (LMCs) of the lamina of the dragonfly, Hemicordulia tau, 
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Figure 2-1. Composite diagram of the dorsal (D) and the ventral (V) ommatidia of 
Hemicordulia tau. The fine structure of ommatidia is described in terms of the 
component functional parts: the dioptric apparatus, which collects light, and the 
receptor cells, which absorb light to produce an electrical response. The dioptric 
apparatus of each ommatidium includes a corneal lenslet, crystalline cone and large 
primary pigment cells. Typical receptor cells are numbered clockwise, but vestigial 
cells are usually omitted. Axons a:e stippled. Solid circles indicate cone cell 
processes. Vertical bars indicate lengths of major ommatidial regions in µm. 
(Figure and legend are from Laughlin and McGinness, 1978) 
have been studied previously by intracellular recording (Laughlin, 1976a,b). These 
results indicated that the dragonfly has a trichromatic visual system with receptor peak 
sensitivities of 350 nm, 440 nm and 510 nm. This trichromatic system included two 
photoreceptor classes: "single pigment" cells and "linked pigment" cells (Laughlin, 
1976a). The absorbances of these pigments were used to explain the spectral 
sensitivities of most of the "linked pigment" cells (Laughlin, 1975) and the spectral 
sensitivity functions of both the "linked pigment" and "single pigment" cells could be 
seen in the lamina in intracellular recordings from retinula cell axons (Laughlin, 1974a). 
The spectral range used in the previous studies (317-614 nm in 14 steps), however, was 
not sufficient to analyse the entire spectral sensitivity distribution. According to the 
previous results (Laughlin, 1975; 1976a), long wavelength pigment photoreceptors 
should exist in the ventral eye, because recordings from LMCs in this eye region 
showed an obvious sensitivity in the 550-610 nm region. Several LMCs showed 
extremely broad spectral sensitivity functions and these may result from a combination 
of self-screening and linkage to a fourth pigment with a maximum sensitivity at around 
570 nm. Photoreceptors with maximum sensitivity at 620 nm have been found in the 
ventral eye of the adult dragonfly S. rubicundulum (Meinertzhagen et al., 1983). 
For further research into colour coding by large monopolar cells of the lamina it 
is essential to obtain more information on spectral sensitivity from primary 
photoreceptors. Therefore, an extensive study was made by measuring the spectral 
sensitivity of the dragonfly compound eye intracellularly over a large range from 300-
700 nm. In order.to avoid deviations arising from the use of different methods (Menzel 
et al., 1986), the flash method and the calculation of spectral sensitivity used in this 
chapter were carried out to conform to the requirements for accuracy laid down by 
Menzel (1975). As shown below, not just one but five "single pigment" types were 
found. These results support the predictions of previous studies (Laughlin, 1975; 
1976a,b). In addition, in some experiments spectral sensitivities of receptors were 
measured in the light-adapted as well as dark-adapted states for comparison with similar 
experiments on LMCs (see Chapter 3). 
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II. Materials and Methods 
The animals 
Adult dragonflies, Hemicordulia tau (Odonata, Anisoptera, Cordulidae), both 
male and female, were the main subjects of this thesis. The dragonflies were caught 
near creeks and lakes in Canberra, Australia. In most cases, dragonflies were used 
immediately after capture; in some cases, they were kept in a refrigerator at a 
temperature of 4 ° C until the experiment was performed. During the experiment the 
dragonflies were kept at room temperature (25±1°C) to maintain their normal 
physiological condition. The room temperature was well controlled by two air 
conditioners during the experiment After amputating the legs and wings, the thorax 
was fixed to a plastic plate with wax and the head was fixed to a stick on the plate with 
a beeswax/rosin (1 :5) mixture. A small triangular hole for insertion of the recording 
electrode was cut at the equator of the left compound eye and sealed with Vaseline. 
Electrophysiological recording 
Before electrophysiological recordings, the animal was placed with its head in 
the centre of a Cardan arm perimeter and dark-adapted for at least 5 minutes. A short, 
fine silver wire was inserted into the thorax to serve as an indifferent electrode. 
High resistance microelectrodes (pulled by a Flaming-Brown microelectrode 
. • _JofAs~falt\ 
puller, Model PC P-80) of 100-180 MQ resistance (when filled with 2M .. · · 
acetate solution) were used to penetrate the photoreceptors. The electrode was held 
with an arm on a micromanipulator which drove the electrode vertically downward. 
Signals were recorded from the microelectrode and were amplified 10 x by a 
preamplifier, and monitored on an oscilloscope screen (Tektronix 5103N). 
Simultaneously, the signals were sampled, stored and analysed by an on-line computer 
(IBM compatible PC 486). 
Response amplitude was determined by measuring the difference between the 
baseline and the maximum membrane potential (Fig.2-2a). Records were used only if 
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the maximal response was over 40 mV in dark-adapted photoreceptors. If the baseline 
potential shifted by more than 5 m V, recording was abandoned. 
Stimulus 
Monochromatic light of 300-700 nm (in steps of 10 nm) was obtained by 
passing light from a xenon arc lamp (XBO 450 W or XBO 1000 W/HS) through a 
monochromator (Zeiss M4Q ill). The slit width was adjusted, wavelength by 
wavelength, to limit the bandwidth of each wavelength (AA) to 20 nm. Neutral density 
(ND) filters were used to vary the intensity of the light over a range of 4 log units (log 
I= -4.0 to 0.0) in steps of 0.2 log units. An electronic shutter (UNIBLITZ LS6T) was 
used to control the timing of flash stimulation, and the shutter was controlled by the on-
line computer. A quartz optic fiber served as a light guide to transmit the 
monochromatic light to the recorded eye. The terminal of the optic fiber (diameter= 3 
mm) was mounted on the Cardan arm perimeter. A pin hole (diameter= 1 mm) was 
also mounted on the Cardan arm perimeter in front of the end of the optic fiber to create 
a point source. The distance between the pin hole and the centre of the Cardan arm 
perimeter (where the head was placed) was 100 mm. The pin hole thus subtended an 
angle less than 0.6° at the compound eye. For some experiments in which the spectral 
sensitivities of receptors were measured in both dark and light adaptation, the pin hole 
was removed in order to produce a brighter visual stimulus. In this case the terminal of 
the optic fiber was then moved 210 mm away from the centre of the Cardan arm 
perimeter to serve as a point source. This point source subtended an angle of about 
0.8° at the eye (Fig. 2-2b). To avoid errors due to off-axis stimulation, the point source 
was accurately positioned at the point of maximum sensitivity of the recorded cell 
(Menzel, 1975), by moving the Cardan arm perimeter to find the receptive field of the 
recorded cell and then adjusting the position of the point source carefully to obtain the 
maximum response of the cell. For measurements of spectral sensitivity, the duration of 
the stimulating flash was typically 250 ms, but in some cases a flash duration of 100 ms 
was used. The interval between flashes was 10 s. For recording signal-averaged 
responses, the duration of the flash was 2 ms and the interval between flashes was 1 s. 
Averaged responses to 2 ms flashes were obtained to measure the dynamic 
characteristics of photoreceptor responses in light and dark adaptation. The duration of 
2 ms was the shortest flash I could produce. It is clear that the responses elicited by 2 
ms flashes are close to being "impulse responses". If the system is linear, then the 
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Fourier transform of these time-averaged responses provides the temporal frequency 
response of the photoreceptors (e.g. Howard, 1983). Note that the 2 ms flash only 
reduces the accuracy of frequencies above 500 Hz. Otherwise the "time averaged 
responses" used here are equivalent to the impulse response, low-pass filtered to 
suppress frequencies above 500 Hz. 
Adapting light source 
An XBO 1000 W /HS xenon lamp was used as the adapting light source. This 
light source was also used to power the point stimulus described above, but the 
adapting light was obtained through another path on the lamp housing. A shutter 
turned the adapting light on and off. An interference filter (550 nm) and ND filters were 
used to control the wavelength and vary the intensity of the adapting light. Beyond the 
shutter, the adapting light was transmitted by a quartz optic fiber to the Cardan arm and 
was projected as a disk of light on a diffusing screen (a sheet of translucent plastic film). 
In front of the point source, a piece of microscope cover-glass was mounted on the 
Cardan arm at an angle of 45° to the axis of the point source. This glass acted as a 
beam combiner, reflecting the light disk on the diffusing screen towards the eye where it 
subtended about 15° (Fig. 2-2b). To light adapt the recorded cell effectively, the 
intensity of the adapting light was that which could elicit a response of about 30 m V 
(from the adapting light) in the photoreceptor. The flux density of the adapting light 
was 2.41x107 photons/cm2/s/sr at 550 nm. 
Calibration 
A radiometer (IL 700) with a photomultiplier (PM 270 series of photomultiplier 
assemblies) from International Light Corp. was used for measuring the light flux at the 
position of the eye. The energy measured at different wavelengths was transformed into 
photons/cm2/s. The luminance correction factor (KA. value) for each wavelength was 
calculated as: 
where R is the raw reading of photon flux recorded at that wavelength, and Rm is the 
raw reading of the maximum photon flux recorded at any wavelength. This factor KA. 
was used with the log10 values of the neutral density filters to determine the actual 
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photon flux presented to the eye at each wavelength (A.). An example of calculating the 
luminance correction factors (KA) from the raw radiometer readings is given in Table 2-
1. 
Table 2-1. Calculation of luminance correction factors. The radiant energy at each wavelength 
was measured by a photomultiplier (PM 270, International Light Corp.). The intensity of the 
light source was appropriately lowered by neutral density filters (log I = -4.0) to avoid damaging 
the photomultiplier, according to the manufacturer's instructions. 
A. Radiometer reading x Photon flux x 10 8 Luminance correction 
(nm) 10 -10 (W/cm2) (photons/cm2/s) factor (KJ.. values) 
300 0.055 0.0439 2.3211 
310 0.100 0.0800 2.0608 
320 0.223 0.1800 1.7086 
330 0.439 0.3558 1.4126 
340 0.732 0.5961 1.1885 
350 0.632 0.5188 1.2489 
360 0.871 0.7096 1.1128 
370 0.800 0.6464 1.1533 
380 0.815 0.6548 1.1477 
390 0.813 0.6555 1.1473 
400 0.990 0.8087 1.0560 
410 0.887 0.7365 1.0967 
420 1.050 0.9062 1.0066 
430 1.190 1.0658 0.9362 
440 1.010 0.9443 0.9887 
450 1.210 1.1844 0.8903 
460 1.030 1.0293 0.9513 
470 1.290 1.3539 0.8322 
480 1.370 1.4822 0.7929 
490 0.890 0.9977 0.9648 
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Table 2-1 (contd.) 
500 0.942 1.0984 0.9231 
510 1.000 1.2164 0.8788 
520 1.090 1.3920 0.8202 
530 1.210 1.6273 0.7524 
540 1.340 1.8962 0.6860 
550 0.820 1.2278 0.8747 
560 0.889 1.4109 0.8143 
570 0.950 1.5609 0.7705 
580 1.030 1.7800 0.7134 
590 1.120 2.0640 0.6491 
600 1.200 2.3327 0.5960 
610 1.270 2.6531 0.5401 
620 1.390 3.1502 0.4655 
630 1.540 3.8506 0.3783 
640 0.749 2.0685 0.6482 
650 0.791 2.4607 0.5728 
660 0.847 3.0006 0.4866 
670 0.916 3.7372 0.3913 
680 1.020 4.8669 0.2766 
690 1.190 6.8069 0.1309 
700 1.350 9.2010 0.0000 
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Spectral sensitivity measurement 
After the point source was accurately positioned at the point of maximum 
sensitivity of the recorded cell, the measurement of spectral sensitivity was carried out 
using the following procedure which was designed to match Menzel's (1975) 
requirements: 
1. Do a preliminary run through the whole spectrum (from 300 to 700 nm) with the 
neutral density set at log I= -1.0. Choose a wavelength (A.30) which gives a response 
greater than 30 m V. 
2. Measure the intensity-response relationship (V-log I curve) at the wavelength A.30 
(where A.30 is close to the wavelength of maximum sensitivity). 
3. Choose the intensity that gives approximately 113 maximum response at this 
wavelength, and set the ND filters to fit this intensity. 
4. Measure spectral response using this intensity for all 41 test wavelengths (300-700 
nm). 
5. Transform spectral response to spectral sensitivity through the V-logl curve 
measured at A.30, to produce equivalent log I values for each A.. 
6. Correct each log I value by applying the luminance correction factor (KA) for each 
wavelength. 
7. Calculate the relative sensitivity at each wavelength as a percentage of maximum 
sensitivity. 
To avoid the unwanted effects of light adaptation from bright flashes, 
measurement of the V-log I curve was carried out from low intensity to high intensity, 
that is from log I = -4.0 to log I = 0.0. All spectral sensitivity measurements presented 
here represent the means of two complete runs through the spectrum, performed in 
opposite directions, i.e. from 300 nm to 700 nm and back. The stimulating flash at each 
wavelength lasted 100 ms, and the interval between flashes was 10 s. The form of the 
measured V-log I curves was independent of wavelength both in dark- and light-
adapted cells. After the spectral runs, the point source (the terminal of the light guide) 
was removed from the Cardan arm, and the visual axis of the cell was ascertained by 
looking through the hole in which the light guide was mounted and noting the position 
of the pseudopupil. The pseudopupil was also checked to see if it was small and round, 
indicating that the eye's optics were in good condition. 
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Fitting visual pigment nomograms 
The visual pigment nomogram is actually derived from the visual pigment 
absorption. When plotted on a frequency scale, regardless of the absorption maxima of 
the pigment, the absorption bandwidths of visual pigments are nearly identical. This 
observation was first made by Dartnall in 1953 (Dartnall, 1953). Since then, the 
nomogram has been useful for the reconstruction of the absorption spectra of pigments. 
The nomograms used here are from three vitamin A1 based visual pigments according to 
the wavelength-dependent nomograms proposed by Ebrey and Honig (1977). The 
procedure used here avoids the systematic deviation that results from using a single 
visual pigment nomogram: that is, shorter wavelength pigments have somewhat broader 
bandwidths, and longer wavelength pigments somewhat narrower bandwidths than the 
Dartnall nomogram would predict (Honig and Ebrey, 1974; Greenberg et al., 1975). I 
then followed the procedure of Ebrey and Honig (1977) to derive interpolated 
nomograms, based on 3 standard pigments, to produce nomograms which were 
corrected for a particular peak wavelength. The absorption spectrum of the green 
receptor of the frog as reported by Liebman and Entine (1968) is used for constructing 
the nomogram for the short-wavelength range, 410-470 nm. In the middle-wavelength 
range, 470-530 nm, the nomogram is the classical Dartnall nomogram (1953). The 
nomogram used for the long-wavelength range is constructed from the absorption 
spectrum of the visual pigment of chicken (Wald et al., 1955). Although the 360 nm 
photoreceptor is t>eyond this range, the nomogram for the short-wavelength range is 
used for the UV receptor as there is no nomogram available specific to the UV range. 
For each class of cells (with one exception), the peak sensitivity of the visual 
pigment was estimated by computing the mean square error between the spectral 
sensitivity data, and nomograms with seven different peak wavelengths straddling the 
actual peak (Fig. 2-4). For each receptor type, the nomogram with the lowest mean 
square error was chosen as the theoretical visual pigment absorption of the receptor 
type. The exception was the 590 nm receptor for which I fitted the nomogram to the 
long wavelength side of its sensitivity curve, assuming that this receptor receives 
inhibitory input from other (shorter-wavelength) receptors. It is highly unlikely that an 
infra red pigment exists to provide inhibition and so the long wavelength side of the 
measured curve is likely to reflect the absorption spectrum of a single pigment 
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III. Results 
When a photoreceptor was penetrated by the recording electrode, a resting 
potential of approximately 40-50 mV could be observed. A short flash of light to the 
eye, within the receptive field of the recorded photoreceptor, elicited a depolarizing 
response regardless of the wavelength or the state of adaptation (Fig. 2-3). 
Photoreceptor cell types 
On dark adaptation, photoreceptors recorded from the ventral region of the 
dragonfly compound eye fell into five groups (360 nm, 420 nm, 460 nm, 530 nm and 
590 nm photoreceptors) according to their estimated sensitivity peaks (Figs. 2-5, -6, -7, 
-8 & -10) All the curves are compared with standard visual pigment nomograms (see 
Materials and Methods). Further details of these groups are as follows: 
360 nm photoreceptors. As in Laughlin (1976b), three UV-sensitive photoreceptors 
were recorded (with difficulty) from the distal end of the rhabdom in the ventral part of 
compound eyes. Figure 2-5 shows the individual (dashed lines) and averaged (solid 
line) spectral sensitivities of three units. In one of the units, spectral sensitivity extends 
to the mid- (400-500 nm) and the long-wavelength (500-600 nm) regions (marked with 
'+'). The nomogram fitting procedure, as described above, yielded a best-fitting 
nomogram which peaked at 360 nm (dotted line), though the cells' sensitivity peaked at 
330 nm (Fig. 2-5). Clearly the fit is not very satisfactory in this case, particularly 
because of the long-wavelength shoulder of sensitivity exhibited by one of the 
photoreceptors. This class of photoreceptor could be equivalent to the 350 nm 
photoreceptors which were reported by Laughlin (1976 a,b). 
420 nm photoreceptor. A single unit with maximum sensitivity at 420 nm, was 
recorded in a posterior position on the eye. Figure 2-6 shows the spectral sensitivities 
of two spectral runs in both directions along the wavelength axis, i.e. from 300 to 700 
nm (dashed line), then from 700 to 300 nm (dash-dotted line), and their averaged 
spectral sensitivity (solid line). This class of receptor has not been reported previously. 
460 nm photoreceptor. Four 460 nm photoreceptors were recorded. One cell was 
recorded in the forward-looking part of the eye, with sensitivity extending to the longer 
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Figure 2-3. Response waveforms recorded intracellularly from a dragonfly's photoreceptor, 
firstly, in the dark, and then, in the 550 nm light-adapted state. The flash duration was 100 
ms, as indicated below the responses. The spectral sensitivity and V-log I curves of this 
cell in the dark- and light-adapted states are shown in figure 2-12a and b respectively. 
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Figure 2-4 a-d. Illustration of procedure for fitting nomograms to four spectral types of 
photoreceptors: a 360 nm, b 420 nm, c 460 nm and d 530 nm. The nomograms were fitted 
to the data by minimizing the mean square error between the data and the nomogram. Each 
panel pertains to the data from a given class of receptors, and shows the variation of the 
mean square error as the peak wavelength of the nomogram is varied. For each receptor 
type, the peak wavelength of the nomogram exhibiting the lowest mean square error was 
taken to be the spectral peak of the receptor. An ordinate value of 10 indicates a mean 
squared deviation from the nomogram of 10 %. 
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Figure 2-5. Spectral sensitivity curves of three 360 nm photoreceptors (dashed lines: 
individual spectral sensitivities; solid line: averaged spectral sensitivity). One of the three 
receptors ('+') has an extended sensitivity in the range 450-550 nm. Theoretical visual 
pigment absorption curve calculated from a nomogram (Ebrey and Honig, 1977) is shown 
as a dotted line. The peak wavelength of the dotted line is 360 nm (see Fig. 2-4a). 
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Figure 2-6. Spectral sensitivity curve of a 420 nm photoreceptor. The spectral sensitivities 
of two reversed spectral runs are shown by dashed (from 300 to 700 nm) and dash-dotted 
lines (from 700 to 300 nm). Solid line shows the averaged spectral sensitivity of the two 
runs. The peak wavelength of the theoretical visual pigment absorption curve (dotted line) 
is 420 nm (see Fig. 2-4b ). 
wavelength region and with a secondary shoulder at 580 nm. The secondary shoulder 
exhibited a sensitivity of about 40 % relative to the main peak (Fig. 2-7a). Three units 
were recorded without the extended sensitivity in the longer wavelength region (Fig. 2-
7b, dashed lines). The solid line shown in figure 2-7b is the averaged spectral sensitivity 
of the three units. This photoreceptor type could be equivalent to the 440 nm 
photoreceptors which were reported by Laughlin (1976 a,b). 
530 nm Photoreceptors. These units had a sensitivity peak around 530 nm; however, 
the precise position of the peak and the bandwidth of the spectral sensitivity varied 
markedly. Whilst some units had spectral sensitivity functions close to those expected 
from the pigment nomogram (Fig. 2-9a,b), in others the sensitivity extended from 450 
nm to 570 nm with no clear maximum (Fig. 2-9c ). These units were easily recorded in 
the ventral eyes, and those with broad sensitivity (Fig. 2-9c) were particularly common 
in the lateral part of the eye. The average curve in Fig. 2-8 is from twenty-six cells, 
excluding those with broad spectral sensitivity. The 510 nm photoreceptors reported 
previously by Laughlin (1976 a,b) could be classified into this receptor type. 
590 nm Photoreceptor. A unit with maximum sensitivity at 630 nm was recorded in the 
forward-looking part of the ventral eye. The maximum response of this unit was about 
60 mV, and it was insensitive to wavelengths below 570 nm (Fig. 2-10). The sharp 
spectral sensitivity curve suggests that this photoreceptor is inhibited by shorter-
wavelength photoreceptors, an effect which has also been reported in the butterfly 
(Matic, 1983). This data was tested by fitting it to a nomogram on the long-wavelength 
side of the peak (see Materials and Methods). The resulting best fit was provided by a 
nomogram with peak at 590 nm. 
Effects of light adaptation 
On light adaptation, the response waveforms of photoreceptors to different 
intensity levels (Fig. 2-3) were different from those in the dark-adapted state. The time 
courses of photoreceptor responses were examined using signal-averaged responses to 
repeated 2 ms flashes at a series of different intensities (Fig. 2-lla). Each signal-
averaged response curve represented an average of 50 single responses to the 2 ms light 
flash. The time-to-peaks of the light-adapted responses are faster than those in the 
dark-adapted state by about 7 ms when the response amplitude is about 10 mV but by 
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Figure 2-7ab. Spectral sensitivity curves of 460 nm photoreceptors. a One unit with a main 
peak at 460 nm and an extended sensitivity within 550-600 nm. solid line: averaged curve 
of two spectral runs (dashed line, from 300 to 700 nm; dash-dotted line, from 700 to 300 
nm). b Three units (dashed lines) with a main peak at 460 nm but without an extended 
sensitivity in the long wavelength region. The averaged spectral sensitivity of the three units 
is shown as solid line. The peak wavelength of the theoretical visual pigment absorption 
curve (dotted line) is 460 nm (see Fig. 2-4c). 
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Figure 2-8. Spectral sensitivity curve of 530 nm photoreceptors (averaged curve from 
twenty-six units). Error bars of± 1 S.D. are shown for each wavelength measured. The 
peak wavelength for theoretical visual pigment absorption (dotted line) is 530 nm (see Fig. 
2-4d). 
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Figure 2-9a-c. illustration of the range of spectral sensitivity curves seen in units with 
sensitivity maxima between 500 nm and 600 nm: a narrow, b medium and c broad. Note 
also that the precise wavelength of peak sensitivity varies between cells. Dotted lines in a 
and b are the same as in figure 2-8. 
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Figure 2-10. Spectral sens1t1v1ty curve of 590 nm photoreceptor (one unit). Spectral 
sensitivities measured by two reversed spectral runs are shown by dashed (from 300 to 700 
nm) and dash-dotted (from 700 to 300 nm) lines. The solid line shows the average of 
these two c14_¥V.U. The peak wavelength for theoretical visual pigment absorption (dotted 
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Figure 2-lla-b. a. Signal-averaged responses of a 530 run photoreceptor recorded firstly 
in the dark, and then in the 550 run light-adapted state. The curves represent the averaged 
responses to 50 2 ms flashes .·i ·at range of intensities, separated by 0.2 log units. Each 
stimulus duration is 2 ms. The stimulus onset is at time zero. b. Relationship between the 
response amplitude and the time-to-peak for the dark- and light-adapted states. 
about 5 ms when the amplitude is 50 mV (Fig. 2-llb). The variation of response time-
to-peak: in the dark-adapted state is from 19 ms to 23 ms which is more marked than in 
the light-adapted state (from 14 ms to 16 ms) (Fig. 2-llb). The spectral sensitivities of 
three 530 nm photoreceptors were recorded in both the dark- and light-adapted states 
(Figs. 2-12, -13 & -14). Although the sensitivity of photoreceptors to 520 nm light was 
decreased by about 1.5-2.0 log units by the 550 nm adapting light (Fig. 2-12b, -13b & -
14b ), the shape of the spectral sensitivity function was essentially unaltered (Fig. 2-12a, 
-13a &-14a). 
IV. Discussion 
Spectral types of photoreceptors 
The recordings from the photoreceptors are broadly consistent with earlier 
studies of the dragonfly's retina by Laughlin (1975b) who also studied Hemicordulia 
tau, and by Meinertzhagen et al. (1983) who studied a North American species, 
Sympetrum rubicundulum. In addition to the 3 photoreceptors with peaks at 350 nm, 
440 nm and 510 nm found by Laughlin (1976b), two further classes with peaks at 420 
nm and 590 nm were uncovered by the present study. The two new classes have 
equivalents in Sympetrum, which, however, may lack a 460 nm receptor. It has been 
suggested in Sympetrum where males are redder than females that the 'red' receptor is 
involved in gender recognition (Meinertzhagen et al., 1983), but this seems unlikely to 
be the case in Hemicordulia where both sexes are greenish-yellow. 
Five receptor types (with peak wavelengths at 360 nm, 400 nm, 460 nm, 520 nm 
and 600 nm) have been reported in the butterfly, Papilio xuthus (Arikawa et al., 1987), 
which are very similar to the five types of photoreceptors in the dragonfly (Fig 2-5, -6, -
7, -8 & -10). It has been suggested that the pentachromatic visual system can enhance 
colour discrimination in the butterfly and expand its "visible light" range (Arikawa et al., 
1987). Previous behavioural observations also show that Papilionid butterflies have 
colour vision and preferentially visit blue and violet flowers (Barth, 1985). Given that 
the dragonfly and the butterfly are fast-flying insects which have sufficiently good vision 
to distinguish targets of interest in flight, one possibility is that the two insects adopt 
similar strategies, at least for some visual tasks, and that pentachromatic vision could 
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Figure 2-12a-b. Compaii.son of the spectral sensitivities (a) and the intensity-response 
relationships (V-log I curves) (b) of a dragonfly's 530 nm photoreceptor in the dark- (solid 
line) and in the 550 nm light-adapted state (dash-dotted line). x: spectral sensitivity 
measured from 300 to 700 nm in the 550 nm light-adapted state. *: spectral sensitivity 
measured from 700 to 300 nm in the 550 nm light-adapted state. o: spectral sensitivity 
measured from 300 to 700 nm in the dark-adapted state. +: spectral sensitivity measured 
from 700 to 300 nm in the dark-adapted state. 
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Figure 2-13a-b. Comparison of the spectral sensitivities (a) and the intensity-response 
relationships (V-log I curves) (b) of a dragonfly's 530 nm photoreceptor in the dark- (solid 
line) and in the 550 nm light-adapted state (dash-dotted line). x: spectral sensitivity 
measured from 300 to 700 nm in the 550 nm light-adapted state. *: spectral sensitivity 
measured from 700 to 300 nm in the 550 nm light-adapted state. o: spectral sensitivity 
measured from 300 to 700 nm in the dark-adapted state. +: spectral sensitivity measured 
from 700 to 300 nm in the dark-adapted state. 
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Figure 2-14a-b. Comparison of the spectral sensitivities (a) and the intensity-response 
relationships (V-log I curves) (b) of a dragonfly's 530 nm photoreceptor in the dark- (solid 
line) and in the 550 nm light-adapted state (dash-dotted line). x: spectral sensitivity 
measured from 300 to 700 nm in the 550 nm light-adapted state. *: spectral sensitivity 
measured from 700 to 300 nm in the 550 nm light-adapted state. o: spectral sensitivity 
measured from 300 to 700 nm in the dark-adapted state. +: spectral sensitivity measured 
from 700 to 300 nm in the dark-adapted state. 
have arisen out of similar evolutionary pressures, even though one is vegetarian (the 
butterfly) and the other is carnivorous (the dragonfly). So far, however, it is not clear 
whether the dragonfly possesses true colour vision as does the butterfly. Behavioural 
experiments are necessary to resolve this question. 
Recently, Seki et al. (1989) showed that the chromophore distribution in the two 
parts of the dragonfly compound eye is also different. The ventral eye contains both 
retinal and 3-hydroxyretinal, but the dorsal eye contains only retinal. Since the spectral 
sensitivity of a cell is determined by the absorption spectrum of its visual pigments, it 
has been suggested that there are at least four visual pigments in the ventral eye (Seki et 
al., 1989). That is, two different opsins together with two chromophores could, in 
principle, form four different visual pigments. Since five spectral types of 
photoreceptors are found in the dragonfly ventral eye, however, an additional opsin 
could be contained in the eye. This is in contrast to the compound eye of the Papilionid 
butterfly, which contains only 3-hydroxyretinal (Goldsmith et al., 1986; Seki et al., 
1987), so that five different opsins must be present in the eye (Seki et al., 1989). On the 
other hand, the detailed nature of the electronic linkage between the chromophore and 
the opsin can also influence the spectral absorption of the visual pigment (Knowles and 
Dartnall, 1977). Therefore, it is not yet clear whether the five spectral types (either in 
the dragonfly or in the butterfly) arise from different combinations of chromophoric 
groups and opsins, or from variations in the binding sites between them, or both. 
Broader and narrower spectral sensitivity functions 
In insect compound eyes, it has often been found that the measured spectral 
sensitivities of single retinula cells are not similar to those expected for rhodopsin 
pigments of the same peak wavelength in two respects: one or more secondary peaks 
may appear and/or the main peak may be broader or narrower than the rhodopsin 
resonance function (rev. Menzel, 1975; 1979). Although the spectral sensitivity of 
photoreceptors can, in principle, be influenced by the optics, for example, 'spectral 
transmission of the dioptric apparatus' (i.e. cornea reflection and cornea transmission) 
and through 'the wavelength-dependent emergence of waveguide modes', these 
influences seem to be small in practice (Menzel, 1979; Smakman and Stavenga, 1986; 
van Hateren, 1989). In fact, much more important for spectral sensitivity are effects 
caused by electrical coupling between retinula cells (Shaw, 1969, 1975; Smakman and 
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Stavenga, 1987), electrical inhibition in the retina (Shaw, 1975; Matic, 1983) or 
absorption by the visual pigment (e.g. 'self-screening of photopigments': Snyder and 
Pask, 1973; Hamdorf and Schwemer, 1975; Snyder, 1975; Menzel, 1979; Hardie, 1985; 
'Selective transmission of the screening pigments': Snyder et al., 1973; Cronin and 
Marshall, 1989; 'More than one photopigment in one visual cell': Laughlin, 1976b; 
Kirschfeld and Franceschini, 1977). All of these factors have been reviewed by Menzel 
(1979). However, as he points out, 'any or all, or perhaps none, of these explanations 
may be responsible in a given case'. 
The broad spectral sensitivity function of the dragonfly's photoreceptors has 
been discussed before (Horridge, 1969; Laughlin, 1975; 1976b). The dragonfly has a 
long fused rhabdom, and so it is possible that this broadening is due to 'self-screening' 
(Horridge, 1969; Laughlin, 1975; White, 1985). As light travels down the rhabdom, 
energy at the wavelength of peak absorption gets absorbed more rapidly than energy at 
other wavelengths (e.g. Hamdorf and Schwemer, 1975; Snyder, 1975; Menzel, 1979). 
As a result, the longer the rhabdom, the more light is absorbed, and the broader the 
spectral absorption function (i.e. absorption is biased toward the non-peak 
wavelengths). The position of maximum absorption also shifts a little towards longer 
wavelengths (Menzel, 1979). The argument for self-screening was particularly 
emphasized by Horridge (1969) to explain the broadening of the spectral sensitivity 
functions in the long-wavelength spectral region (around 600 nm). However, the 
scatter of the absorption maxima between 450 nm and 520 nm (550 nm, in this present 
study; see Fig. 2-9c) could not be explained by the self-screening hypothesis. 
Therefore, an alternative explanation, 'pigment linkage', was proposed by Laughlin 
(1976b). Pigment linkage is postulated to result from electrical coupling between 
different spectral types of photoreceptors or from the absorption of light by more than 
one photopigment in the same cell. Other than the case of the peripheral receptors (Rl-
6) of flies, which contain non-rhodopsin accessory pigments (antenna pigment) in 
addition to the rhodopsin (Kirschfeld and Franceschini, 1977), there is no evidence for a 
rhabdomere containing more than one photopigment. Until further evidence is 
provided, it seems unlikely that the broadening of spectral sensitivity functions is caused 
by two or more rhodopsins in the same receptor. On the other hand, it is very likely 
that the scatter of the spectral sensitivities shown in Fig, 2-9b,c is the effect of electrical 
coupling with other spectral types of photoreceptors, e.g. 360 nm, 420 nm or 460 nm 
photoreceptors, or even the same spectral type of photoreceptors, i.e. 530 nm 
photoreceptors. Because the long wavelength sides of these spectral sensitivity curves 
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show little scatter, it is unlikely that the 590 run photoreceptor is involved in the 
electrical coupling (Fig. 2-9b,c ). 
Since the spectral sensitivity curves shown in Fig. 2-9b,c do exhibit a broadening 
of spectral sensitivity functions in the long wavelength region (around 600 run) and a 
maintenance of sensitivity in the short wavelength region (especially, Fig. 2-9c), the 
effects of self-screening cannot be excluded. Therefore, these scattered curves were 
probably broadened by two effects: self-screening and electrical coupling. In addition, 
some 360 run and 460 run photoreceptors, such as those shown in figures 2-5 and 2-7a, 
exhibit an extended sensitivity at longer wavelengths. This could be due to electrical 
coupling from neighbouring photoreceptors or an artefactual coupling introduced by the 
recording electrode (e.g. Smakman and Stavenga, 1987). Electrical coupling causing 
secondary peaks in single cells has been reported previously (e.g. drone bee and locust: 
Shaw, 1969; fly: McCann and Arnett, 1972; bee: Menzel and Blakers, 1976; butterfly: 
Matic, 1983). On the other hand, the 600 run photoreceptor has a narrower spectral 
sensitivity (Fig. 2-9) than that expected from the nomogram (Ebrey and Honig, 1977). 
This may be due to electrical inhibition from neighbouring shorter wavelength 
photoreceptors, as has been postulated in other insects (e.g., in the locust, Schistocerca 
gregaria, Shaw, 1975; in the butterfly, Papilio aegeus, Matic, 1983). When a 
photoreceptor is stimulated by light, the photocurrent propagates down the axon 
terminal and flows into the extracellular space. In principle, if the extracellular space is 
blocked by a high resistance barrier near the basement membrane, the extracellular 
photocurrent is forced to return to the site of the phototransduction through the axons 
and somata of neighbouring photoreceptors to produce an antagonistic (i.e. 
hyperpolarising) potential (Shaw, 1975; see Fig. 1-3). Another possibility is synaptic 
inhibition from lamina cells (i.e. M I and M III), as suggested by Meinertzhagen et al. 
(1983; see Fig. 1-2). In Sympetrum, however, both broadened and narrowed spectral 
sensitivities with a Amax of 623 nm were reported (Meinertzhagen et al., 1983). 
Effects of light adaptation 
The intensity of the 550 run adapting light used in this study was able to 
desensitize the photoreceptor's response to 520nm light by about 1.5-2.0 log units (Figs. 
2-12b, -13b &-14b). However, no significant shift in spectral sensitivity could be 
observed in the spectral sensitivities of individual runs. The light-adapted, averaged 
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sensitivity curves show a small shift (by a few nanometres) to longer wavelengths in 
each of the three cells (compare the solid lines and dash-dotted lines in Figs. 2-12a, -13a 
& -14a). The shift in spectral sensitivity could simply be due to a decrease in the 
concentration of the visual pigment in the photoreceptor. It has been shown that a few 
minutes after creating photoequilibrium by bright monochromatic light adaptation, the 
amplitude of the photoreceptor response elicited by a constant test stimulus is 
proportional to the concentration of visual pigment in the rhabdomere (Hamdorf, 1979). 
Whether the shifts of light-adapted spectral sensitivities observed here are caused by this 
phenomenon, or due to sensitivity variations is not clear. Further study is necessary to 
clarify this point . 
Since terrestrial light can vary in intensity over a 9 log unit range between day 
and night, and the intensity of daylight is much higher than that of the 550 nm adapting 
light used here (2.14 x 101 photons/cm2/s/sr), it is possible that the spectral sensitivity 
of the photoreceptor will shift further toward longer wavelengths as the adapting light 
intensity is increased. It is clear from the present experiments, however, that even the 
relatively low adapting intensity used here is able to modify some response features of 
the photoreceptor, such as the amplitude (Fig. 2-3) and time course of the response 
(Fig.2-11). As will be seen in the following chapter, the same dim adapting light 
induces marked changes in the spectral sensitivity of the secondary neurons, the lamina 
monopolar neurons (LMCs), in contrast to the small shifts in spectral sensitivity of the 
photoreceptors (Figs. 2-12a, -13a & -14a). 
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Chapter 3. Spectral Sensitivities of the Lamina 
Monopolar Cells 
Summary 
Anatomical studies and measurements of spectral sensitivity revealed five 
types of lamina monopolar cells (cell types 1-5). The anatomical identification allows 
tentative assignment to the monopolar cell classification from Sympetrum 
rubicundulum obtained using Golgi staining (Meinertzhagen and Annett-Kibel, 1982). 
When dark-adapted, the monopolar cells had peak spectral sensitivities that were 
either similar to single photoreceptors or appeared to pool receptor outputs. In some 
cases, however, spectral sensitivity changed markedly upon adaptation to white or to 
chromatic light; in one case (cell type 2) a UV-sensitive input is apparently 'switched 
off on adaptation to long-wavelength light Similar experiments were also performed 
on the lamina monopolar cells of the fly, Musca domestica. In contrast to the 
dragonfly lamina monopolar cells, the fly's lamina monopolar cells which receive 
common spectral inputs from Rl-6, show no change in spectral sensitivity upon 
chromatic adaptation. These results suggest that the changes of spectral sensitivity in 
the light-adapted lamina monopolar cells of the dragonfly arise from the interaction of 
different spectral types of photoreceptors. Lamina monopolar cells which receive 
inputs from photoreceptors with identical spectral properties, as in the fly, do not 
modify their spectral inputs when they are light-adapted. 
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I. Introduction 
The lamina ganglion of the insect optic lobe is an attractive preparation for the 
study of early visual processing because of its orderly structure and comparative 
simplicity. A cartridge of about 10 cells is repeated beneath each facet in the 
compound eye (Shaw, 1984). We have a fairly good understanding of signal 
processing by the large monopolar cells, Ll and L2, of the fly (e.g. Calliphora). 
These cells act to remove DC components from the retinal signal in space and time 
and to amplify the residual part of this signal (Laughlin and Hardie, 1978; Laughlin et 
al., 1987). In the dark-adapted state, the fly's Ll and L2 cells act more or less as a 
relay for photoreceptor outputs, whereas upon light adaptation, mechanisms of spatial 
and temporal antagonism seem to be activated or their effects are greatly enhanced 
(Laughlin and Osorio, 1989; James and Osorio, 1994). The magnitude of the spatial 
and temporal antagonism is strongly affected by the ambient light level. The fly's eye 
offers a convenient substrate in which to study signal processing in the spatial and 
temporal domains, but because the six photoreceptors that project to the lamina share 
a common spectral sensitivity (Hardie, 1986), the fly lamina is not suitable for the 
study of spectral vision. Like the bee, which has been the subject of a pioneering 
study of spectral processing in the lamina (Menzel, 1974), the dragonfly's ventral eye 
contains multiple spectral classes of receptor input (360 nm, 420 nm, 460 nm, 530 nm 
and 590 nm, see Chapter 2) and so is a much more suitable preparation for looking at 
how spectral information is processed in the lamina than the fly. 
Laughlin (1976a) has conducted a preliminary study of the spectral coding of 
the dragonfly lamina monopolar cells; however, all.the previously studied lamina cells 
of H. tau have been reported to have broad spectral sensitivity functions. It was 
concluded that the "linked pigment" retinula cells with broad spectral sensitivity 
functions form the major receptor input to the lamina monopolar cells (Laughlin, 
1976a). The lamina of another species of dragonfly, Sympetrum rubicundulum, has 
been studied electrophysiologically and anatomically (Meinertzhagen and Armett-
Kibel, 1982; Meinertzhagen et al., 1983). Four cells of three types were recorded 
suggesting that the spectral sensitivity functions of the LMCs are cell-type dependent. 
On the other hand, all the previous studies of the spectral sensitivity functions in the 
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insect lamina cells were carried out in the dark-adapted state, and therefore do not 
provide much insight into how these cells function in the light-adapted state. In this 
study, to further understand the coding of spectral information in the dragonfly lamina 
monopolar cells, the spectral sensitivities of the lamina monopolar cells of the 
dragonfly, H. tau, are recorded and compared with previous anatomical and 
physiological studies of Sympetrum lamina cells (Meinertzhagen and Annett-Kibel, 
1982; Meinertzhagen et al., 1983). In addition, for comparison, similar experiments 
were carried out on the LMCs of the fly, Musca domestica (L.), in the dark- and light-
adapted states. 
II. Materials and Methods 
The animals 
Adult dragonflies, Hemicordulia tau, both male and female were caught and 
prepared as described in Chapter 2. The lamina was exposed by removing part of the 
dorsal retina and the basement membrane, and the damaged surface of the eye was 
covered with a drop of baby oil (Johnson-Johnson) to prevent drying. 
Some experiments in this chapter were also performed on adult (both male and 
female) houseflies, Musca domestica (L.) (Diptera), from a laboratory stock 
maintained by CSIRO, Division of Entomology, Canberra, Australia. The adult flies 
were kept in a cage supplied with sugar and water. The flies were immobilised in a cut 
plastic pipette using dental periphery wax. The lamina recordings on housefly 
compound eyes were carried out similarly to the retinal recording on dragonfly, but, 
for fly lamina recording, a small triangular hole was cut on the top of the compound 
eye, near the lateral corner of the eye. 
Electrophysiological recording 
For electrophysiological recording, the animal was placed with its head at the 
centre of a Cardan arm perimeter as described in Chapter 2, and dark-adapted for at 
least 30 minutes. A short, fine silver wire was inserted into the thorax to serve as an 
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indifferent electrode. High resistance microelectrodes (Alumino silicate glass; pulled 
by a Aaming-Brown microelectrode puller Model PC P-80) with resistances of 220-
280 MO (when filled with 3% Lucifer yellow CH and 1 % LiCl solution for cell-
marking) were used to penetrate the lamina cells. The electrode was held with an arm 
on a micromanipulator which drove the electrode downward vertically. The recording 
equipment used here for lamina recordings was the same as that described in Chapter 
2. Records were used only if the maximal dark-adapted response to a flash of light 
was 30 mV in lamina cells. If the baseline potential shifted by more than 5 mV, 
recording was abandoned. 
Cell marking 
Lucifer yellow labelling. The cells were marked by injecting Lucifer yellow dye 
iontophoretically from the electrode (2-4 nA DC for 10-20 min). After the lamina 
recordings, the dragonfly was left alive for 30 minutes to allow the dye to spread into 
the fine branches of the injected cell. Then the lamina and medulla were dissected out 
from the head without damaging the connection between these two ganglia, fixed with 
10 % paraformaldehyde in 0.1 M phosphate buffer (pH 7.3) at 4° C for 1-12 h, and 
dehydrated through the following ethanol series: 
70% ale., 15 min 
90% ale., 15 min 
90% ale., 15 min 
100% ale., 30min 
Finally, the ganglia were cleared with methyl salicylate (for 5 min) and viewed in 
whole mount using standard fluorescence microscopy. 
Stimulus 
Monochromatic light of 300-700 nm (in steps of 20 nm) was obtained by 
passing light from an XBO 1000 W/HS xenon arc lamp through a monochromator 
(Zeiss M4Q ID). Neutral density (ND) filters were used to vary the intensity of the 
light over a range of 4 log units (log I= -4.0 to 0.0) in steps of 0.2 log units. An 
electronic shutter (UNIBLITZ LS6T) was used to control the timing of flash 
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stimulation, and the shutter was controlled by an on-line computer. The terminal of 
the optic fiber (aperture diameter = 3 mm) was mounted on the Cardan arm perimeter. 
The distance between the point source and the centre of the Cardan arm perimeter 
(where the head was placed) was 210 mm. Thus, this point source subtended an angle 
of about 0.8° at the eye. To avoid errors from off-axis stimulation, the point source 
was accurately positioned at the point of maximum sensitivity of the recorded cell 
(Menz.el, 1975). 
Adapting light source 
A XBO lOOOW/HS xenon arc lamp was used as the adapting light source. 
This light source was also used to power the point stimulus described above, but the 
adapting light was obtained through another optical path on the lamp housing. The 
spectral emission of this arc lamp is shown in Appendix (Fig. A-39). A shutter turned 
the adapting light on and off. Interference filters with transmission peaks at 430 nm 
and 550 nm (490 nm for fly lamina recording), and ND filters were used to vary the 
wavelength and the intensity of the adapting light. No interference filters were 
interposed for the white light adaptation condition. The flux density of the adapting 
lights were 2.55 x 107 photons/cm2/sfsr at 430 nm, 2.10 x 107 photons/cm2/sfsr at 
490 nm, and 1.98 x 107 photons/cm2/sf sr at 550 nm. To light adapt the recorded cell 
effectively, and to minimise background noise the intensity of the adapting light was 
adjusted by the neutral density filters to elicit a transient hyperpolarizing response in 
the LMC that was more than 20 m V but usually less than 40 m V. Beyond the shutter, 
the adapting light was transmitted by a quartz optic fiber to the Cardan arm, where the 
fiber projected a disk of light on a diffusing screen. In front of the point source, a 
piece of microscope cover-glass was mounted on the Cardan arm at an angle of 45° to 
the axis of the point source. This glass acted as a beam combiner, reflecting the light 
disk on the diffusing screen towards the eye where it subtended a visual angle of about 
15° (Fig. 2-2b). 
Calibration and spectral sensitivity measurement 
The calibration of each chromatic light flash and the measurement of spectral 
sensitivity were carried out as described in Chapter 2. The stimulating flash at each 
wavelength lasted 10 ms or 100 ms, and the interval between flashes was 10 s. Only 
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the hyperpolarizing part of the response wavefonn (on-transient, Fig. 3-1) was used 
for the measurement of the response amplitude. After the spectral runs, the point 
source was removed from the Cardan arm, and the visual axis of the cell was 
ascertained by looking through the hole in which the light guide was mounted and 
recording the position of the pseudopupil. The condition of the pseudopupil was also 
checked as described in Chapter 2. 
III. Results 
All lamina cells reported here responded to intensity increments with graded 
potential hyperpolarizations (Fig. 3-1). Some cells were marked successfully after 
electrophysiological recording. These profiles together with their spectral sensitivity 
curves are shown below. Units were divided into five groups (cell types 1, 2, 3, 4 and 
5) on the basis of their dark-adapted spectral sensitivities and their Lucifer yellow 
profiles. Since the cells were viewed in whole mount, the precise position of the cell 
tenninals in the medulla is uncertain. 
Spectral sensitivities of dragonfly LMCs in the dark- and light-adapted 
states 
Cell type 1. This cell type (3 units recorded) exhibits a broad spectral sensitivity 
function with maximal sensitivity between 480 nm and 510 nm (Fig. 3-2a, -3a & -4a). 
On light adaptation (to white light, obtained from the XBO lOOOW/HS xenon arc 
lamp) the spectral sensitivity of these cells changed slightly, with a secondary peak 
appearing at around 420 nm. Although all three units show the secondary peak, 
whether this peak is due to a genuine contribution from 420 nm photoreceptors (see 
Chapter 2) or just due to an artefact of recording is still unkown. Figure 3-2a shows 
the spectral sensitivities of three repeated spectral runs perfonned on one of the three 
units, first on dark adaptation (solid curves) and then after light-adaptation by white 
light (dashed curves). The V-log I curves of this cell show that the sensitivity to 520 
nm flashes was reduced by more than one log unit by the adapting light (Fig. 3-2b). 
The other two units were marked with Lucifer yellow after spectral sensitivity 
measurements. Lucifer fills revealed that the cells had dense dendrites surrounding the 
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Figure 3-4a-c. Cell type 1. a. Spectral sensitivity of a third unit when dark-adapted (solid. 
lines) and when adapted to white light (dashed line). Two reversed spectral runs (o: from 
300 to 700 nm; x: from 700 to 300 nm) were performed on dark adaptation, but only one 
spectral run was completed in the light-adapted state. b. Response-Intensity (V-log I) 
curves for the cell in the different adapted conditions. Each curve was measured using 
flashes of 520 nm light. The cell is less sensitive to 520 nm light by about 0.5 log unit 
when it is light-adapted by white light (dashed line) than when it is dark adapted (solid 
line). c. Drawing of Lucifer profile: L lamina; C chiasma; M medulla. 
axon beneath the cell body and lacked an extension above the cell body in the lamina 
(Fig. 3-3b & -4c) and so resembled M II in Sympetrum (Meinertzhagen and Arrnett-
Kibel, 1982). 
Cell type 2. Four units with dual peaks, one in the region between 500 nm and 550 nm 
and another in the UV region, were recorded. Both the peaks were sharp, and there 
was a low sensitivity around 450 nm. In this cell type it was found that sensitivity to 
UV light was suppressed by adapting light of 550 nm (Fig. 3-5a & -6a), but not by 
adapting light of 430 nm (Fig. 3-5c). One of the cells was examined for a recovery of 
UV sensitivity upon subsequent dark adaptation (Fig. 3-6a). This cell was marked 
with Lucifer yellow after electrophysiological recording. In contrast to other cell 
types, the terminal of this cell appeared to reach a deeper layer of medulla, and no 
branches or dendrites surrounded the axon beneath the cell body (Fig. 3-6b ). All four 
units were recorded in the upward-looking part of the posterior larval strip (Laughlin 
and McGinness, 1978). 
Cell type 3. Three recorded units of this cell type were found (Fig. 3-7a & -8a). They 
are sensitive to short wavelength light and were studied in the dark-adapted state and 
also in the 430 nm and 550 nm light-adapted states. They showed no change of 
spectral sensitivity when the cells were light-adapted (Fig. 3-7a), even though the 
absolute sensitivity to 420 nm flashes was decreased (1 log unit) by the 430 nm 
adapting light (Fig. 3-7b). This cell type is also found in Sympetrum lamina 
(Meinertzhagen et al., 1983). One of the units was marked successfully with Lucifer 
yellow (Fig. 3-8). The maximal responses of this cell were as large as -40 m V when 
tested with 420 nm flashes, and there was no response to wavelengths beyond 520 nm 
(Fig. 3-8a). The profile of this cell is shown in Figure 3-8b. There were obvious 
dense radial spines beneath the cell body (Fig. 3-8c ). 
Cell type 4. Twelve units with high dark-adapted sensitivities (above 60 %) in the 
region between 460 nm and 580 nm were recorded and classified in this group (Fig. 3-
9). The UV sensitivity of this type of unit was enhanced by adaptation to 550 nm light 
(Fig. 3-9a & -lOa) or white light (Fig 3-9b; c.f. cell type 2). Figure 3- lOa shows the 
spectral sensitivities of one unit recorded first in the dark-adapted state, next after 
adaptation to 550 nm light and, finally, after adaptation to 430 nm light Adaptation 
to 430 nm light sharpened the spectral sensitivity curve, with a main peak at about 490 
nm and low sensitivity in the UV region and longer wavelengths (> 550 nm) (Fig. 3-
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c. Spectral sensitivity of another unit which also exhibited two sensitivity peaks, one at 500 
nm and one in the UV. This unit was also recorded in the 430 nm light-adapted state. The 
light-adapted spectral sensitivity (marked with '-o-') is similar to the dark-adapted curve 
(solid line). d. Response-Intensity (V-log I) curves for the unit recorded in the dark- and 
430 nm light-adapted conditions (spectral sensitivities shown in c). Each V-log I curve 
was measured using flashes of 520 nm light. 
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Figure 3-7a-b. Cell type 3. a. Spectral sensitivity curves of two units. Both the units were 
recorded when dark-adapted (dash-dotted and dashed lines). The sensitivity peaks of 
the units are at 420 run. One of the units (dashed line) was also recorded in the 430 nm 
(marked with '-o-') and 550 nm (marked with'-+-') light-adapted states. For comparing to 
the 420 nm photoreceptor (see Chapter 2), theoretical visual pigment absorption curve 
calculated from a nomogram (Ebrey and Honig, 1977) is shown as a dotted line. The 
peak wavelength of the dotted line is 420 nm. b. Response-Intensity (V-log I) curves for 
the unit recorded in the dark-adapted state (dashed line), and then light-adapted at 430 
nm (-o-) and at 550 nm(-+-). Each V-log i curve was measured using flashes of 420 nm 
light 
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confidence limits. b. Spectral sensitivity of one unit when it is dark-adapted (solid line) 
and light-adapted to white light (dash-dotted line). 
lOa). The V-log I curves of this cell show that the absolute sensitivity to 520 nm 
flashes was decreased by the 550 nm light adaptation (dash-dotted line in Fig. 3-lOb) 
but was not affected by the 430 nm light adaptation (dashed line in Fig. 3-lOb). On 
light adaptation to 550 nm, the absolute sensitivity to 360 nm flashes (dotted line in 
Fig. 3-1 Ob) was increased and was higher than the sensitivity to 520 nm (dash-dotted 
line in Fig. 3- lOb ). Thus, the UV peak of the spectral sensitivity in the 550 nm light-
adapted state cannot be accounted for simply in terms of adaptation of a green-
receptor input. The profile of this cell is presented in figure 3- lOc: The axon was 
short, reaching only the most distal layer of the medulla, and no obvious branches 
were observed. 
Cell type 5. Six units were recorded and classified into this category. This cell type 
has a sensitivity peak at 500 nm but the sensitivity curve is narrower than that of cell 
type 1 (Fig. 3-1 la). In the light-adapted state (light-adapted by 550 nm background 
light), the spectral sensitivity curve of cell type 5 is similar to that in the dark-adapted 
state(c.f. Fig. 3-lla & b). One of the six cells was recorded in the 550 nm light-
adapted state (dotted line in Fig. 3-12a), then on 430 nm light adaptation (dashed line 
in Fig. 3-12a). On light adaptation to 430 nm, the spectral sensitivity of the cell was 
sharpened with a sensitivity peak at 520 nm (dashed line in Fig. 3-12a). The V-log I 
curves of this cell show that the absolute sensitivity at 520 nm is increased by the 550 
nm adapting light (dotted line in Fig. 3-12b). This is possibly because the long-
wavelength light converts metarhodopsin to rhodopsin (Hamdorf, 1979). The Lucifer 
profile of this cell is similar to that of cell type 4, which does not exhibit any branches 
or spines beneath the cell body (Fig. 3-12c). 
Spectral sensitivities of fly LMCs in the dark- and light-adapted states 
For comparison with the changes in spectral sensitivity in the dragonfly's 
lamina monopolar cells, recordings were also performed on six LMCs of the fly. Fly 
LMCs receive a common spectral input from the photoreceptors Rl-6, as mentioned 
in the Introduction. Only one unit was recorded successfully both on dark adaptation, 
and then on light adaptation to 490 nm light and, then, on adaptation to 430 nm. All 
the recordings were consistent with the cells being either Ll or L2. Figure 3-13a 
shows the spectral sensitivities of the unidentified fly LMC. In the dark-adapted state, 
the fly LMC has two sharp peaks, one at 480 nm and one at 360 nm (about 52 % of 
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Figure 3-lOa-c. Cell type 4. a. Spectral sensitivity of one anatomically identified unit when 
it is dark-adapted (solid line) and in 550 nm (dotted line) and 430 nm (dashed line) 
adapting light. b. V-log I curves of the cell in the different adapted states. Note that the 
cell is more sensitive to 360 nm light than 520 nm by 1.5 log units, when it is light-adapted 
· __ '550 nm. c. Drawing of Lucifer profile: L lamina; C chiasma; M medulla. 
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Figure 3-12a-c Cell type 5. a. Spectral sensitivity of one anatomically identified unit when 
it is dark-adapted (solid line), light-adapted to 550 nm (dotted line) and light-adapted to 
430 nm (dashed line). b. Response-Intensity (V-log I) curves for the cell in the three 
different adapted conditions. Each curve was measured using 520 nm flashes of light 
Note that the cell is more sensitive to 520 nm light when it is light-adapted to 550 nm than 
when it is dark adapted. c. Drawing of Lucifer profile: L lamina; C chiasma; M medulla 
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Figure 3-13a-b. Spectral sensitivities and Response-Intensity (V-log I) curves of ~. 
putative fly (Musca domestica) LMC. a. Spectral sensitivity when dark-adapted (solid 
line) and in 490 run (dotted line) and 430 run (dashed line) adapting light. b. Response-
Intensity (V-log I) curves for the cell in the three different adapted conditions. Each curve 
measured using 500 run flash light. Note that the cell is more sensitive to 520 nm light 
when it is dark-adapted than when it is adapted to 490 nm light. 
the 480 run peak). When the eye was adapted to 490 run light, the peak sensitivity of 
the lamina units shifted by a small amount, from 480 run to 500 run. On light 
adaptation to 430 nm, the sensitivity of the primary peak at 500 run remained the same 
as in the 490 run light-adapted state, but the secondary peak in the UV region shifted 
from 360 run to 340 run. The relative sensitivity of the secondary peak increased to 58 
%. Figure 3-13b shows response-intensity functions of the fly LMC in the dark-
adapted state, and when adapted to 430 nm and 490 nm. When the cell is adapted to 
430 run, the sensitivity of the cell to a 500 nm light flash is the same as in the dark-
adapted state. On the other hand, adaptation to 490 run light causes the cell to 
decrease its sensitivity to a 500 run light flash by about 0. 7 log units. Recordings of 
the other five units were achieved with 490 nm light adaptation only. Figure 3-14 
shows the averaged spectral sensitivities of the six cells on dark adaptation and in the 
490 nm light-adapted state. 
In essence, in the case of fly LMCs, spectral adaptation produces no dramatic 
changes in spectral sensitivity; it only causes a reduction in absolute sensitivity. 
IV. Discussion 
Table 3-1 summarises all the anatomical and physiological results observed 
from the five types of dragonfly LMCs in this study. 
Cell types of dragonfly LMCs 
In this study, five anatomically identified types of lamina monopolar cells are 
described, making this the most comprehensive study so far of spectral vision in the 
dragonfly, or indeed in any insect lamina. Many of the results presented in this chapter 
were not obtained by Laughlin or Meinertzhagen et al. Laughlin's results only show a 
broad spectral sensitivity which is similar to the cell type 1 of my results. 
Meinertzhagen et al. (1983) have recorded four units which are classified into three 
types (see Figs. 19 & 20 in Meinertzhagen et al., 1983), but only one unit was marked 
(see Fig. 21 in Meinertzhagen et al., 1983). Two of the three types reported by 
Meinertzhagen et al. are similar to the cell types 3 and 5 (or 4) described in this study. 
In addition, the marked unit is almost invisible and cannot be recognized as a 
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Figure 3-14a-b. Averaged spectral sensitivities of six fly LMCs. a. Averaged spectral 
sensitivity when dark-adapted. The primary and secondary peaks are at 480 run and 360 
run respectively. b. Averaged spectral sensitivity measured in 490 run light-adapted state. 
The primary and secondary peaks are at 500 run and 360-380 run respectively. Error bars 
of ± 1 S.D. are shown for each wavelength measured. Note that for N=6 the error bars 
can also be taken to represent 95 % confidence limits. 
monopolar cell. The present work complements and extends earlier studies on 
Hemicordulia tau (Laughlin, 1976a) and Sympetrum rubicundulum (Meinertzhagen 
and Annett-Kibel, 1982; Meinertzhagen et al., 1983). It is of particular interest to 
establish the relationship between the units that we have marked in the lamina of H. 
tau and those of S. rubicundulum where Golgi studies have given much useful 
infonnation about lamina circuitry. 
Table 3-1. Comparison of the five types of dragonfly LMCs. The references for the LMC 
types in the Sympetrum dragonfly (the extreme right column) are: Meinertzhagen and Armett-
Kibel, 1982; Meinertzhagen et al., 1983. 
Cell Spectral Sensitivity on Spectral Sensitivity on Light Sympetrum 
Type Dark Adaptation Adaptation Resemblance 
1 Broad spectral sensitivity No significant changes from the Mil 
with a maximal sensitivity dark-adapted spectral sensitivity 
in the 480-510 nm range. when light-adapted to white light. 
2 Two sensitivity peaks: one 1. LA to 550 nm: the UV peak Mill 
in UV (340-360 nm: 70-95 disappears, but green peak 
% ) and one in green (500- remains. 
540 nm: 80-100 % ). 
2. LA to 430 nm: No significant 
changes from the dark-adapted 
spectral sensitivity. 
3 Similar to the 420 nm No significant changes from the MlorMV 
photoreceptor with a peak dark-adapted spectral sensitivity 
at420nm. when light-adapted either to 430 
nmor550nm. 
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Table 3-1. (Contd.) 
4 Similar to the 530 run 1. LA to 550 run or to white MN 
photoreceptor with a main light: UV sensitivity is enhanced 
sensitivity peakin the 500- with a peak· . 340-360 run. 
550 run range (90-100 %) <At 
and a secondary peak in the 2. LA to 430 nm: absolute 
UV (20-40 % ). sensitivity to 520 nm is 
unchanged, but the spectral 
sensitivity is narrower than on 
dark adaptation. 
5 A main sensitivity peak at 1.LA to 550 nm: no significant MV 
500 run (100 %) and a changes from the dark-adapted 
secondary peak at 360 nm spectral sensitivity, but the 
(10-30 %). absolute sensitivity to 520 nm is 
increased by 1.0 log unit. 
2. LA to 430 nm: absolute 
sensitivity to 520 nm is 
unchanged, but the spectral 
sensitivity is narrower than on 
dark adaptation. 
Cell type 1 had a broad spectral sensitivity in the dark- and light-adapted states 
(Fig. 3-2a, 3a & 4a), suggesting that it receives inputs from most or all receptors. The 
dense radial spines on this cell (Fig. 3-3b & 4c) lend it a resemblance to MI or Mii of 
S. rubicundulum; it is very likely to be Mii because this monopolar cell alone receives 
inputs from all the photoreceptors (see Meinertzhagen and Annett-Kibel, 1982; 
Meinertzhagen et al., 1983). 
Cell type 2·could be the homologue of Miii of S. rubicundulum because of its 
smooth axon without radial spines beneath the cell body (Fig. 3-6b) and its high 
sensitivities at 360 nm and 525 nm (Fig. 3-5a,c & -6a). In Sympetrum, Miii is 
postsynaptic to the UV receptor and both post- and presynaptic to the 530 nm 
receptor (Meinertzhagen and Annett-Kibel, 1982), consistent with the present spectral 
sensitivity measurements which show marked changes in sensitivity to UV light with 
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adaptation. One wide-field unit recorded from the bee's medulla had a similar 
sensitivity function to cell type 2, with maxima in the UV and around 520 nm (Kien 
and Menzel, 1977). 
Cell type 3 has a narrow-band spectral sensitivity (Fig. 3-7 a & -8a) and 
appears to receive its main input from the 410 nm photoreceptor, which exhibits a 
similar spectral sensitivity function (Fig.2-6). Meinertzhagen et al. (1983) recorded 
from a cell in S. rubicundulum with a spectral sensitivity similar to cell type 3. They 
suggested that it was an MV cell, based on Golgi studies of connectivity. Structurally, 
cell type 3 does not resemble MV but is more like M I or M II (Meinertzhagen and 
Annett-Kibel, 1982). As MII receives inputs from more than one receptor class (see 
cell type 1 above), MI is a more likely candidate. Recently, a 'small object motion 
detector' recorded from the ventral nerve cord of the dragonfly (Hemianax papuensis) 
has been found to have a similar spectral sensitivity function to cell type 3 and the 420 
nm photoreceptor (Fig. 2-6), with a peak at 421 nm (Horridge et al., 1990), indicating 
that the outputs of the 420 nm photoreceptor form a significant pathway through the 
visual system. 
Cell type 4 had a peak sensitivity at about 530 nm and showed changes in 
spectral sensitivity on light adaptation that can be contrasted with cell types 1 and 2. 
A cell with a similar spectral sensitivity was recorded in S. rubicundulum by 
Meinertzhagen et al. (1983), and their description of its anatomy as MIV accords well 
with that seen in this study (Fig. 3-9 &-lOa). 
Cell type 5 was initially identified as cell type 4 in view of their similar dark-
adapted spectral sensitivities (Fig. 3-9 & -lOa) and Lucifer yellow profiles (Fig. 3-lla 
& -12a). However, we can distinguish cell type 5 from cell type 4 by their light-
adapted spectral sensitivities. Cell type 5 could be the MV type of S. rubicundulum 
described by Meinertzhagen and Annett-Kibel (1982) due to its smooth axon without 
radial spines beneath the cell body (Fig. 3-12c) and no synaptic inputs from UV 
photoreceptors (Meinertzhagen and Annett-Kibel, 1982). 
On the other hand, because cell type 5 seems to receive its only spectral input 
from a receptor type with peak sensitivity at 500 nm, it is possible that there is another 
green type of photoreceptor, in addition to 530 nm photoreceptor, in the compound 
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eye, i.e. 490 run photoreceptor which was not found in Hemicordulia (see Chapter 2) 
so far but has been found in Sympetrum (Meinertzhagen et al., 1983). 
Effects of light adaptation 
In the dark-adapted state the spectral sensitivity of lamina cells is quite similar 
to those of photoreceptors, however, light adaptation seems to activate spectral signal 
processing. In some diurnal animals, colour vision operates only upon light 
adaptation: and is lost under dim conditions, e.g. in the human eye (van der Velden, 
1946) and the honeybee's compound eye (Menzel, 1981). In insects, significant 
adaptation to different light levels occurs at the first synapse on the visual pathway 
(e.g. the changes of intensity coding, spatial and temporal properties; see review of 
Laughlin, 1981 and DeVoe, 1985; Laughlin and Osorio, 1989; James and Osorio, 
1994). The recordings presented here indicate that, as postulated by Menzel (1974), 
spectral processing can be added to this list. 
The present findings suggest that spectral processing in the lamina is affected 
in various ways by light adaptation. For example, when cell type 1 was adapted with 
white light (Fig. 3-2a, -3a & -4a), it showed little change apart from a slightly 
enhanced input from the 420 run photoreceptor (Fig. 2-6). In principle, one would 
expect spectrally selective adaptation to reduce the absolute sensitivity of a specific 
spectral class of photoreceptor. For example, it is shown in Chapter 2 that 550 nm 
adapting light reduces the absolute sensitivity of 530 run photoreceptors (Figs. 2-12, -
13 and -14). Thus, in cell type 4, adaptation to 550 run light reduces the absolute 
sensitivity of inputs from green receptors, this might be due to selective adaptation of 
the green receptors. However, the increase of absolute sensitivity to UV light cannot 
be explained by the selective receptor adaptation. This sensitivity increase in UV 
might be due to changes in lamina signal processing. 
In contras.t to cell type 4, - where at least some of the effects can be 
explained in terms of selective receptor adaptation - the effects of light adaptation on 
cell types 2 and 5 were completely unexpected. Receptor adaptation cannot account 
for the observation that in cell type 2 the UV peak can be 'switched off without 
eliminating the peak in the long wavelength region (500-600 run) by 550 run adapting 
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light This observation can be compared with Menzel's (1974) suggestion that the 
inhibition of UV sensitivity is enhanced by light adaptation in the bee lamina 
In cell type 5, 550 nm adapting light increases sensitivity to a 520 nm light 
flash by about 1 log unit, while 430 nm adapting light does not alter sensitivity (Fig. 3-
12b ). However, 430 nm light causes the cell to lose its sensitivity in the short- and 
mid-wavelength region ( <500 nm) as well as at longer wavelengths (>540 nm), and 
the spectral sensitivity exhibits a sharp peak at 520 nm (Fig. 3-12a). In the butterfly, 
Vanessa itea, Horridge et al. (1984) found two types of lamina cells with narrow 
spectral sensitivity functions (one with peak wavelength at 500 and another at 550 
nm). They suggest that primary receptors from single ommatidia interact on or before 
reaching the lamina cells and, from the functional point of view, these cells could be 
responsible for colour specific behaviour rather than colour vision, i.e. particularly for 
detecting a small moving object against a green background. Because these cells were 
recorded in the dark-adapted eye only, their spectral sensitivities on light adaptation 
are still unknown. If these lamina cells with narrow spectral sensitivities are in fact for 
colour specific behaviour, then the narrow spectral sensitivities in the 430 nm light-
adapted state and the increase of sensitivity to 520 nm light in the 550 nm light-
adapted state of cell type 5 could be related to the detection of small object motion 
against a background regardless of whether the background is the sky or a green field. 
Two of the cell types, 2 and 4, might also be understood in terms of sensitivity 
to background light. So, for example, if the animal were in an open field with plenty 
of UV light around, cell type 2 would maintain UV sensitivity. By contrast, if the 
animal were flying under foliage, the abundance of green light would switch off UV 
sensitivity in type 2 and, due to dimmer conditions maintain green sensitivity in type 4. 
One could perhaps see lamina spectral processing in terms of the animal trying to 
sense objects that are coloured (types 3 and 5) or not coloured (type 1) against either 
sky light or downwelling (green) light from plants. 
Changes of spectral sensitivity on adaptation to white and to chromatic light 
have also been seen in behavioural studies on goldfish, where it has been suggested 
that this is due to the interaction between different 'cone mechanisms' at the level of 
horizontal cells or ganglion cells (Neumeyer, 1984; Neumeyer and Arnold, 1989). As 
in the present observation from the dragonfly lamina cell type 2, the changes in 
spectral sensitivity functions indicate that inhibitory inputs from photoreceptors are 
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'switched on' by light adaptation. Therefore, the interactions between the different 
spectral inputs could occur in the earliest stages of the visual system in fish and in 
insects, and perhaps they share similar strategies for early processing of colour signals. 
No change in spectral sensitivity in the fly LMC 
To demonstrate that the changes in spectral sensitivity in the dragonfly's LMCs 
are caused by the interaction of different spectral types of photoreceptors, and not by 
some experimental artefact, a similar experiment was carried out on the fly, as a 
control. In the fly, LMCs receive identical spectral inputs from the six photoreceptors 
(Rl-6). Therefore, contrary to the dragonfly one would not expect the spectral 
sensitivity of fly LMCs to be influenced by spectrally selective adaptation. Indeed, as 
shown in figures 3-13a and 3-14, the spectral sensitivities of fly LMCs change very 
little as the wavelength of light adaptation is changed. Spectrally selective adaptation 
produces only small shifts of the peak wavelength (say 10-20 nm, Fig. 3-13a & -14). 
These small shifts are comparable to those exhibited by the 530 nm photoreceptor of 
the dragonfly (see Fig. 2-12a, -13a & -14a). 
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Chapter 4. Integration of UV and other Spectral Signals 
by the Dragonfly Lamina in Dark and in Light Adapted 
States 
Summary 
The ventral half of the dragonfly compound eye contains 5 spectral types of 
photoreceptors with sensitivity peaks ranging from 330 nm to 630 nm, The receptors 
synapse upon lamina monopolar cells (LMCs), which have receptive fields consisting of 
a hyperpolarizing centre and a depolarising antagonistic surround. Intracellular 
recording was used to study the way in which ultra-violet (UV) and other spectral 
receptor outputs are integrated by the LMCs. Two of the five types of LMCs, cell types 
2 and 4, receive UV inputs. The spectral sensitivities of their responses change on light 
adaptation. Whereas both cell types receive UV and green (520 nm) inputs when dark-
adapted, on light adaptation to 550 nm light, cell type 2 becomes predominantly green 
sensitive and type 4 predominantly UV sensitive. In addition, the time courses of 
responses to 360 run and 520 nm flashes differ in cell type 4 but not in type 2. The 
spectral sensitivities of the dark-adapted antagonistic surrounds are similar to those of 
the light-adapted centre responses. The above results suggest that a spectrally 
antagonistic lateral inhibitory input to the hyperpolarizing centre of the LMC receptive 
field is provided from neighbouring lamina cartridges. Evidence implicating a synaptic 
contribution to this inhibition is discussed. 
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I. Introduction 
Ultra-violet (UV) sensitivity is an important characteristic of insect colour vision 
(Menzel, 1979). Insects such as butterflies and bees, for example, can use their UV 
vision to distinguish flowers (von Frisch, 1967; Barth, 1985). The dragonfly is not a 
nectar feeder but a fast-flying diurnal predator. Nevertheless, it too has good UV 
vision, perhaps to allow detection of small prey against the background of the sky 
(Horridge & McLean, 1978; Stavenga, 1992). 
Previous studies on the spatial properties of insect second order neurons, lamina 
monopolar cells (LMCs), indicate that their receptive fields have a centre-surround 
configuration (e.g. 2'.ettler and Weiler, 1976; Dubs, 1982; Srinivasan et al., 1982; van 
Harteren, 1992a,b). Owing to lateral inhibition, off-axis light elicits a response of 
opposite polarity to on-axis light (Laughlin, 1974a,b), so that the LMC receptive field 
has a hyperpolarizing centre and a depolarising surround (Fig. 4-1). Laughlin (1974b) 
suggested that both inter- and intra-cartridge inhibitory inputs are responsible for 
shaping the LMC waveform and play crucial roles in determining the transfer of spatial 
and temporal information to the medulla. It has also been suggested that lateral and self 
inhibition are both due to an extracellular photocurrent (Laughlin, 1974b; Shaw, 1975). 
According to a recent white noise study in the fly compound eye (James and Osorio, 
1994), the receptor kernel is space-time separable, that is it can be represented by the 
tensor product of a single temporal waveform and a spatial weighting function. In other 
words, the temporal waveform of the response to a flash of light from a punctate 
stimulus positioned at a given point in the receptive field is simply a scaled (and possibly 
inverted) version of the waveform of the response elicited from any other point in the 
receptive field. The separability suggests that all the spatial summation is due to the 
optics of the eye, indepent of the time-course of the intracellular response. In contrast 
to the receptors, LMC receptive fields are not space-time separable, as might be 
expected if the inhibitory component had a single origin. In fact, the ('depolarising') 
antagonistic response components of the LMCs have at least two origins (Laughlin, 
1974b; Laughlin and Osorio, 1989; Laughlin, 1989). Therefore, direct synaptic inputs 
as well as external photocurrent (electrical inhibition) may contribute to lateral and 
temporal antagonism in the insect lamina (review: Laughlin, 1981; Shaw, 1984). Both 
the spectral properties and the spatiotemporal properties of LMCs change with 
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Figure 4-1. Diagrammatic structure of the neural pathway between the photoreceptors and 
an LMC. The LMC receives synaptic inputs from its own ommatidium, which contains 8 
photoreceptors with up to 5 different spectral types, and through lateral antagonism from 
neighbouring ommatidia. The active photoreceptor terminals are shown shaded. The 
configuration of the receptive fields of the photoreceptor and the LMC are shown on the 
right hand side. Each photoreceptor has a receptive field (shown by '+') within which 
incident light evokes a depolarising response. In the LMCs, two regions of the receptive 
field can be distinguished by the difference in response polarities: an excitatory 
hyperpolarizing centre (shown by'+') and an antagonistic, depolarising surround (shown by 
'·'). Response waveforms obtained by stimulating the centre and the surround of the 
receptive field are shown on the right 
adaptation indicating that the time course of various of adaptation processes are 
different, suggesting that inter- and intra-cartridge antagonism are activated by different 
sets of adaptation processes (Laughlin and Osorio, 1989). 
How are the UV and other spectral inputs from the photoreceptors integrated by 
the LMCs, and what is the mechanism of spatial antagonism? In the fly lamina, it is 
impossible to identify lateral synaptic inputs by measuring spectral properties, because 
all of the photoreceptors (Rl-6) synapsing upon the fly LMCs possess the same spectral 
sensitivity (Hardie, 1986). In the fly, spectrally different lateral inputs from the R7/8 
subsystem are integrated in the medulla or by interactions between Rl-6 and R7/8. In 
the dragonfly, we can exploit the wide range of afferent photoreceptor types to examine 
interactions within the lamina. In this chapter, we describe the spectral, spatial and 
temporal antagonism of the two UV sensitive LMCs (cell types 2 & 4) in the dragonfly 
lamina, where the· differing spectral sensitivities of the receptors allow us to gain special 
insights. 
II. Materials and Methods 
Animals and preparation 
Dragonflies, Hemicordulia tau (Odonata, Anisoptera, Cordulidae), flying freely 
in the wild, were caught and prepared as described in Chapter 3. 
Stimulus 
Point stimulation . 
Monochromatic light of 300-700 nm was obtained by passing light from an 
XBO lOOOW/HS xenon arc lamp through a monochromator (Zeiss M4Q ID). The slit 
width was adjusted wavelength by wavelength to limit the bandwidth of each 
wavelength (AA) to within 20 nm. Neutral density filters, interposed between the 
monochromator and a shutter, were used to vary the intensity of monochromatic light 
over a range of 4 log units in steps of 0.2 log units. The light beam was focused onto 
the tip of a quartz light guide by a quartz lens. The other end of the light guide was 
mounted on a Cardan arm to provide a point source, with a visual angle of 0.8°, that 
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could be positioned anywhere in the visual field. The distance between the point source 
and the centre of the Cardan arm perimeter was 210 mm. The shutter was controlled by 
an on-line computer and produced stimulating flashes with a duration of 100 ms and an 
interval of 10 s for spectral sensitivity measurements. 
The temporal properties of the LMCs were examined with very brief flashes (2 
ms). If the responses are linear the responses to these flashes could be described as the 
"impulse response" of the LMCs and the Fourier transform of these responses yields the 
temporal frequency tuning of the cells. Since the flash duration was 2 ms the responses 
mainly provide information about frequencies less than 500 Hz. To insure LMC 
responses were in the linear part of the cell's response range, flash intensities were 
adjusted to yield peak responses not greater than 15 m V (the saturated response being > 
40 m V). Typically 50 responses were averaged. Since we do not know that the 
responses are strictly linear these responses will be referred to as "signal averaged 
responses". 
Annular stimulation 
For measuring the spectral sensitivity of the antagonistic surround, a diffusing 
screen (translucent plastic film) with an opaque disk (diameter= 10 mm, visual angle= 
4.25°) at the centre was placed in front of the point source (75 mm away from the point 
source) to produce an annulus (diameter= 20 mm, visual angle= 8.5°) (Fig. 4-2). 
Adapting light source 
A glass beam combiner was placed in front of the eye so that a wide (> 15°) 
adapting field could be superimposed on the stimulus (point source). The set-up for the 
adapting light source is shown in Figure 2-2b. A 550 nm or a 370 nm interference filter 
and neutral density filters were used to alter the wavelength and the intensity of the 
adapting light. To light adapt the cells efficiently and to minimise background noise the 
intensity of the adapting light was adjusted by the neutral density filters to elicit a 
hyperpolarizing response in the LMC that was less than the maximum response of 40 
mV. All the details of the adapting light source are as in the other adaptation 
experiments on the photoreceptors and LMCs in this thesis, and have been described in 
the preceding chapters (Chapters 2 and 3). 
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Figure 4-2a-b. Schematic diagram of the monochromatic annular stimulus. a. 
Monochromatic light projected on a translucent plastic film with an opaque disk at the 
centre to produce an annular pattern. b. The outer diameter of the annular pattern 
subtends a visual angle of 8.5° at the recorded eye. The angular diameter of the opaque 
disk is 4.25°. 
Calibration 
A radiometer (IL 700) with a detector (PM 270D photomultiplier) from 
International Light Corp. was used for measuring the light flux at the position of the 
eye. The flux density of the 550 nm adapting light was set to be constant at 1.99 x 107 
photons/cm2/s!sr and the 370 nm adapting light was 1.15 x 107 photons/cm2/s!sr. 
Electrophysiological recording 
The recording electrodes (aluminosilicate glass) were pulled on a Flaming-
Brown micropipette puller (P 80/PC). They had a resistance of 200-250M.Q (when 
filled with 2M potassium acetate solution), and were driven vertically downwards 
through the eye to penetrate the lamina as described in Chapter 3. All spectral sensitivity 
measurements followed the method described in Chapter 2. Spectral sensitivity was 
calculated as the mean of two responses to each wavelength, which were obtained from 
two complete runs through the spectrum performed in opposite directions. Recording 
from any particular cell was abandoned, if the baseline potential shifted by more than 5 
m V. The recorded responses were analysed and transformed into spectral sensitivity 
curves, using the procedure described in Chapter 2. 
III. Results 
Altogether the responses of 27 cells are described, including 10 cells of cell type 
2 (Fig. 4-3a) and 17 cells of cell type 4 (Fig. 4-3b). LMC types 2 and 4 were identified 
by recording their dark adapted spectral sensitivities. When dark-adapted, cell type 2 
(Fig. 4-3a) has a dual peaked spectral sensitivity with peaks at 360 nm and 520 nm (in 
some cases at 500 nm, e.g. Fig. 4-9a), whilst cell type 4 is primarily sensitive to 520 nm 
light (solid line in Fig. 4-3b). As described in Chapter 3, the dark-adapted spectral 
sensitivities of cell types 4 and 5 are very similar, where both cell types are mainly 
sensitive to green light However, an obvious difference between the two cell types is 
revealed by their light-adapted spectral sensitivities. When the compound eye is light-
adapted to 550 nm, cell type 4 is mainly sensitive to UV light with a peak at around 
340-360 nm, while cell type 5 retains its primary sensitivity peak at around 500 nm (see 
Fig. 3-9 and 3-11). Therefore, to distinguish cell types 4 and 5, 550 nm light-adapted 
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Figure 4-3a-b. a. Averaged spectral sensitivity of cell type 2 (10 units) when dark-
adapted. b. Averaged spectral sensitivity of cell type 4 (17 units) when dark-adapted 
(solid line) and when light-adapted to 550 nm (dashed line). Error bars of± 1 S.D. are 
shown for each wavelength measured. 
spectral sensitivity was also determined (dashed line in Fig. 4-3b). All experiments 
reported here were carried out after making this diagnostic measurement. 
Effects of light adaptation on the spectral sensitivity of the receptive field 
centre 
Four cells of cell type 2 (Fig. 4-4 & -5) and six cells of cell type 4 (Fig. 4-6 & -
7) were measured in the UV (370 nm; dotted lines) and 550 nm-light-adapted states 
(dashed lines). In both cell types 2 and 4, wide-field adaptation by UV(> 15°) has little 
effect on sensitivity (cell type 2: dotted lines in Figs. 4-4a & -5; cell type 4: dotted lines 
in Figs. 4-6a & -7b ). Cell type 2 retains UV and green peaks but shows a slight increase 
of relative sensitivity in the UV region (Figs. 4-4a & -5), while cell type 4 is completely 
unaffected (Figs. 4-6a & -7). All the four cells of cell type 2 reported here show that in 
the 370 nm light-adapted state their peak relative sensitivity is at 360 nm. In contrast, 
the relative sensitivity to 520 nm decreased from 100 % on dark adaptation to around 
60-80 % when light-adapted to 370 nm. The response-intensity relationship of both cell 
types show that their sensitivities to stimulation at 520 nm were not changed by UV 
adapting light (Figs. 4-4b, 4-6b). 
By comparison, 550 nm wide-field adaptation (> 15°) radically changes the 
spectral sensitivities of the two cell types, but in opposite ways (cell type 2: dashed lines 
in Fig. 4-4a & -5; cell type 4: dashed lines in Figs. 4-6a & -3b). Cell type 2 loses 
virtually all UV sensitivity, giving a narrowed 520 nm peak. Conversely, cell type 4 
develops a dominant UV peak but does not lose sensitivity in the green. These results 
confirm the previous measurements on the same cell types (see Chapter 3). 
Response time courses of the UV-sensitive cells 
Following the identification of cell type as described above, the dynamic 
properties of the responses of two cells (one cell of cell type 2 and one cell of cell type 
4) were recorded, firstly in the dark-adapted state, and then on light adaptation to 550 
nm or 360 nm. This was done by collecting signal-averaged responses to flashes 
delivered to the receptive field centre. Stimulating wavelengths of 360 nm and 520 nm 
were chosen because these are close to the dual peak sensitivities of cell type 2 and 4 
(Figs.4-4a, -5, -6a & -7). The effective stimulus intensities have been equalized by 
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Figure 4-4a-b. a. Spectral sensitivities of a type 2 cell (stimulated at the hyperpolarizing 
centre) during dark adaptation (solid line), light adaptation to 550 run (dashed line) and 
370 run (dotted line). b. Response - log(Intensity) relationship shows no change in the 
sensitivity at 520 run upon adaptation to UV (370 run). O: dark adaptation; x: light 
adaptation to 370 run. All the recordings were performed on the same cell. 
40 
20 
-
--0 -
100 ,,. 
.. 
c . ·. . . . 
. . 
80 . . . . 
. . 
. . 
. . 
. 
60 
40 
20 
' 
, __ 
--
0 
300 350 400 
\ 
I I 
I 
I I 
. 
. 
. 
. 
. 
. 
I • I 
.~··\ \ 
•• •• • I ~ \ 
: ... · ~ \ 
~ \.. .... 
. 
. 
. 
. 
. 
. 
. 
. 
I 
Cell Type 2 
-DA 
I 
\ 
LA 550 nm 
LA 370 nm 
\ .·· .. 
.· ~ "·~ ... . 
....... ·- ..... · . 
.... ! 
Cell Type 2 
\ 
-DA 
-- LA 550 nm 
LA 370 nm 
\ 
\ 
\ ·.. , _____ -
······· ~ .. " 
.... . ······ 
Cell Type 2 
- DA 
-- LA 550 nm 
• ••• LA 370 nm 
•. I 
450 500 550 
· .. \ 
• I 
·. ·' 
······ ······· 600 650 
WAVELENGTH (nm) 
700 
Figure 4-5a-c. Spectral sens1t1v1tles of three units of cell type 2 (stimulated at the 
hyperpolarizing centre) during dark adaptation (solid lines), and light adaptation to 550 
nm (dashed lines) and light adaptation to 370 nm (dotted lines). 
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Figure 4-6a-b. a. Spectral sensitivities of a cell type 4 (stimulated at the hyperpolarizing 
centre) during dark adaptation (solid line), light adaptation to 550 run (dashed line) and 
light adaptation to 370 run (dotted line). b. Response - log(Intensity) relationship shows 
no change in the sensitivity at 520 run upon adaptation to UV (370 run). 0: dark 
adaptation; x: light adaptation to 370 nm. All the recordings were performed on the same 
cell. 
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Figure 4-7a-b. Averaged spectral sensitivities of six units of cell type 4 (stimulated at the 
hyperpolarizing centre) during dark adaptation (a) and light adaptation to 370 run (b). 
Error bars are both S.D. and 95 % confidence limits. 
equating response amplitudes, to examine the dependence of response dynamics on 
adaptation state. Both 550 run and 360 run adapting lights altered the time-to-peak of 
these cell types. Because there is no difference in the light-adapted waveforms and 
time-to-peak at the two adapting wavelengths, only 550 run light-adapted signal-
averaged curves are shown here. 
Cell type 2. On dark adaptation, the responses to the two different stimulus wavelengths 
had very similar, slow time courses (Fig. 4-8a). The time-to-peak was 42 ± 3 ms for the 
360 run response and 43 ± 2.8 ms for the 520 run response. On the other hand, the 
response of this cell exhibited marked changes in time course when it was light adapted 
to 550 nm. The time-to-peak shortened to 10-13 ms (to 360 nm: 12 ± 1 ms; to 520 run: 
12 ± 1.5 ms), and the waveforms became much more biphasic. A small shoulder of the 
light-adapted response waveforms (both to 360 run and 520 run flashes) induced by the 
light adaptation is not found in the response waveforms of cell type 4 (c.f. Fig. 4-8b). 
The time courses of the responses were virtually the same at both wavelengths, 
irrespective of adaptation state. These changes are also typical of light adaptation in fly 
LMCs (Laughlin and Osorio, 1989). 
Cell type 4. In the dark-adapted state as well as upon light adaptation to 550 run, the 
responses to 360 run flashes were slower than those to 520 run flashes (Fig. 4-8b). On 
dark adaptation, the time course of the responses was slow but not as slow as in cell 
type 2 (Fig. 4-8a). The time-to-peak of the response to 360 run was around 35 ± 2.3 
ms and to 520 run was around 31 ± 2 ms (Fig. 4-8b ). On light adaptation to 550 run, 
responses became faster and biphasic, with a marked off-transient. This is similar to the 
light-adapted responses of cell type 2 (Fig. 4-8a). In contrast to cell type 2, the cell 
type 4 response waveforms to 360 run and 520 run were smoother and more regular. 
The time-to-peak of the response to 360 run was about 15 ± 1 ms and to 520 run about 
11 ± 1.3 ms (Fig. 4-8b ). The latter time-to-peak is similar to that of the light-adapted 
response of cell type 2 (Fig. 4-8a). 
Spectral sensitivities of the depolarising surround 
Following spectral sensitivity measurement of the hyperpolarising centre of the 
LMCs, the spectral sensitivity of the surround was measured in the dark-adapted state 
by one of two methods: (1) the point source was positioned in the receptive field 
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Figure 4-9a-b. Comparison of on-centre hyperpolarizing (solid line) and off-centre 
depolarizing (dashed line) spectral sensitivities of dark-adapted cell type 2 (a) and cell 
type 4 (b). The off-centre responses were measured with the annular stimulus of Fig. 4-2 . 
surround such that a maximal depolarising response was elicited from the receptive 
field, or (2) the point source was replaced by an annular stimulus (Fig. 4-2). The 
surround spectral sens~tivities of five cells of cell type 2 and ten cells of cell type 4 were 
measured. Two cells (one of each type) were recorded with the annular stimulus. 
Figure 4-9 (a: cell type 2; b: cell type 4) shows the surround spectral sensitivities of the 
two cells measured using the annular stimulus. Figures 4-10 (cell type 2) and 4-11 (cell 
type 4) show the surround spectral sensitivities measured with the point source 
stimulating the receptive field surround. 
The surround spectral sensitivity of cell type 2 had a peak around 500-520 nm 
(dashed lines in Figs. 4-9a & -10). High sensitivity in the UV region was absent, with 
relative sensitivity below 30%. This spectral sensitivity matched the spectral sensitivity 
of the light-adapted on-centre. For cell type 4, the surround spectral sensitivity was 
also the same as the light-adapted on-centre spectral sensitivity. However, in this case, 
the surround spectral sensitivity was highest at around 340-360 nm and exhibited a 
relatively low sensitivity in the longer wavelength regions (> 500 nm) (dashed lines in 
Figs. 4-9b &-11). 
In the course of making the surround measurements, it was noted that the 
surround receptive field did not appear to be concentric. While positioning the point 
source to elicit a maximal depolarising response, two depolarising receptive lobes 
flanking the hyperpolarising centre could be observed. This was confirmed by the later 
white-noise study on the spatiotemporal properties of LMCs (see Chapter 5). 
IV. Discussion 
In Sympetrum, the synaptic connectivities of the eight photoreceptors and five 
monopolar cells have been studied in detail by Meinertzhagen and Annett-Kibel (1982). 
From the results of that study and the spectral identification of receptors 
(Meinertzhagen et al., 1983) it is possible to identify the spectral inputs to the lamina 
monopolar cells. The study of H. tau lamina (Chapter 3) suggests that, in the dark-
adapted state, the input to the hyperpolarizing centre of - . . - . . · _ · .. · .. , i 
tht '<'t.eep-l:ve .f.1el~s ot these L..MC Ulls 
appears to be a pooled spectral signal from the photoreceptors of the same 
ommatidium, while light adaptation seems to activate more complex spectral signal 
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processing (see Chapter 3). In particular, the two UV-sensitive LMC types receive 
input from photoreceptors sensitive to both UV and 520 nm light (Figs. 4-3, -4a, -5, -6a 
& -7). Although the mechanisms underlying the changes of spectral sensitivity and the 
sharpening of sensitivity peaks remains unknown, it is apparent that adaptation of green 
receptors causes much more marked changes of spectral sensitivity than similar 
adaptation of UV receptors. Since the other LMC types are not UV-sensitive (see 
Chapter 3), it is reasonable to suggest that cell type 2 is responsible for UV signal 
processing in dark adaptation, with simultaneous processing of co-localised 520 nm 
light. On the other hand, type 4 alone is probably responsible for UV vision when the 
eye is light adapted (at least by long-wavelength light). Table 4-1 shows the summary 
properties of these two cell types. In addition to the LMCs, the long visual fiber 
receptors that project directly from the retina to the second optic ganglion, the medulla, 
may also transmit UV signals (fly: Hardie 1979; Hardie et al., 1979; bee: Menzel and 
Blakers, 1975). However, two long visual fibers found in Sympetrum were not UV 
sensitive (Meinertzhagen et al., 1983). One of the long visual fibers is mainly sensitive 
to green light with two sensitivity peaks at 475 and 527 nm, while the other one is 
sensitive to blue light with a sensitivity peak at 420 nm (Meinertzhagen et al., 1981; 
1983). 
Unlike light adaptation to 550 nm light, light adaptation to UV light does not 
modify the spectral sensitivities of the UV-sensitive LMCs (dotted lines in figs. 4-4a, -5, 
-6a & -7b ). Because all the recorded LMCs are from the ventral eye, we need to 
consider its unique features. The ventral eye is more likely to be adapted to long-
wavelength light (say 500-570 nm) when the dragonfly is in its natural environment. 
Thus, the changes of spectral sensitivity in the ventral eye could be tailored to "its" 
ecological environment The dorsal eye has mainly short-wavelength receptors 
presumably to detect small objects against the ultraviolet-blue sky (e.g. Horridge & 
McLean, 1978; Stavenga, 1992). In contrast, the ventral eye contains five different 
spectral types of photoreceptors. Since the habitat of H. tau is in the vicinity of water, 
e.g. a lakeside or a riverside (Watson et al., 1991), the sensitivity to UV light in the 
ventral eye could be responsible for detecting UV light reflected by some objects against 
a "green" background, or for detecting some 11 green11 targets against a water surface 
which reflects UV light from the sky (Lythoge, 1979). As we do not have much data on 
adaptation under , natural conditions, further speculation would be ill-advised at this 
stage. 
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Table 4-1. Summary of comparison of cell types 2 and 4. 
DA 
LAto550nm 
LAto370nm 
Surround 
Spectral 
Sensitivity 
(DA) 
Cell Tvoe2 
Two sensitivity peaks: one at 360 nm 
(70-90 %) and one at 500-520 nm 
(100 %). 
Single peak at 500-520 nm. 
Similar to DA: one peak at 360 nm 
and one at 500-520 nm. Relative 
sensitivity of 360 nm peak is 100 % 
and of 500-520 nm peak is 60-80 %. 
Cell Tvoe4 
One primary peak at 500-540 nm 
(100 %) and a secondary peak at 360-
380 nm (20-40 % ). 
Single peak at 340-360 nm. 
Similar to DA: one primary peak at 
500-540 nm and a secondary peak at 
360-380nm. 
Similar to the 550 nm light-adapted Similar to the 550 nm light-adapted 
spectral sensitivity measured at the spectral sensitivity measured at the 
centre of receptive field, with a centre of receptive field, with a 
sensitivity peak at 500-520 nm. sensitivity peak at 340-360 nm. 
Response Time 1. Slow response time course. 1. Slow response time course. 
Course (DA) 
2. No significant difference between 2. Responses to 520 nm (with a time-
the responses to 520 nm (with a time- to-peak around 31 ± 2 ms) are faster 
to-peak around 43 ± 2.8 ms) and 360 than to 360 nm (with a time-to-peak 
nm flashes (with a time-to-peak around 35 ± 2.3 ms). 
around 42 ± 3 ms). 
3. No obvious off-transient response. 3. No obvious off-transient response. 
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Table 4-1 (contd.) 
Response Tlllle 1. Faster response time course. 
Course (LA to 
1. Faster response time course. 
550nm) 2. No significant difference between 2. Responses to 520 nm (with a time-
the responses to 520 nm (with a time- to-peak around 11 ms) are faster than 
to-peak around 12 ± 1.5 ms) and 360 to 360 nm (with a time-to-peak 
run flashes (with a time-to-peak around 13 ms). 
around 12 ± 1 ms). 
3. Response waveforms are biphasic, 3. Response waveforms are biphasic 
with an obvious off-transient at with an obvious · off-transient at 
around 35-50 ms. around 25-40 ms. 
4. A small shoulder appears (both to 4. No shoulder in response waveforms 
360 nm and 520 nm flashes) in the during repolarisation. 
response waveform at around 20 ms 
during repolarisation. 
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Response time courses of the UV-sensitive LMC types 
The spectral signals from a given ommatidium manifest themselves as having 
different response time courses in the LMCs, and this difference depends on cell type. 
Whereas cell type 2 responds to signals from 520 nm photoreceptors with a time 
course almost identical to the signals from the 360 nm photoreceptors (Fig.4-8a), cell 
type 4 responds to signals from 520 nm photoreceptors with a time course which is 
faster than those from 360 nm photoreceptors (Fig. 4-8b ). For both cell types, these 
trends are the same in both the dark and light adapted states. The fact that the 
responses of cell type 4 are faster in 520 nm light than in UV light clearly indicates that 
cell type 4 receives signal input from the 360 nm photoreceptor in addition to the 530 
nm photoreceptor. The differences in LMC response time course may be due to 
differences in response time courses of the different spectral types of photoreceptors. 
Wavelength-dependent differences in response time course have been observed in the 
photoreceptors of lower vertebrates (Perry et al., 1990), but not yet in insects. Because 
recording artefacts are easily induced by artificial electrode coupling in the insect retina 
(e.g. Smakman and Stavenga, 1987), an advanced technique (e.g. whole-cell current 
clamping) should be used to compare and to measure exactly the response time courses 
of different spectral types of photoreceptors. 
Lateral inhibition 
Shaw (1975) proposed that lateral inhibition in the lamina is a consequence of 
the high electrical resistance of the basement membrane, as suggested by Laughlin 
(1974a). The electrolaminogram of the butterfly, Vanessa itea, shows that the spectral 
sensitivity of the lamina extracellular current flow is the same as the spectral sensitivity 
of the 550 nm photoreceptors which are the most numerous in the ommatidia (Horridge 
et al., 1984). Apparently, the extracellular currents are caused mainly by the 550 nm 
photoreceptors. h1 flies, based on an anatomical study, Strausfeld and Campos-Ortega 
(1977) suggested that neural connections between neighbouring cartridges could 
provide inhibitory input. hl fact, some properties of LMC responses cannot be 
attributed conclusively to a field potential: for example, in the fly lamina, L2 exhibits a 
more pronounced lateral antagonism than Ll or L3 (Laughlin and Osorio, 1989). If the 
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field potential is the major component of lateral antagonism and acts presynaptically on 
the photoreceptor terminals, these three LMCs, which are adjacent postsynaptic 
elements at tetradic synapses (rev. Shaw, 1984), should receive the same strength of 
inhibition from the extracellular photocurrents as suggested by Shaw's model (see Fig. 
1-4; Shaw, 1975) unless their input impedances are very different These results 
indicate that at least two lateral mechanisms are required to account for centre-surround 
antagonism in the insect lamina. This also agrees with electrophysiological evidence 
from the spatiotemporal properties of fly LMCs which suggests that the field potential 
alone is insufficient to explain lateral interaction (James and Osorio, 1994). In 
dragonfly, a white-noise study on H. tau LMCs supports this notion (see Chapter 5). 
Here, the results obtained from the measurement of surround spectral sensitivities show 
that the spectral sensitivities of the lateral depolarising responses in cell types 2 and 4 
are different from each other (Fig. 4-9, -10 & -11). This suggests that the lateral 
inhibition that we have measured in the dragonfly LMCs arises at least partly from 
synaptic inputs, as has been suggested for fly in a white-noise study (James and Osorio, 
1994) and by anatomical studies (Strausfeld and Campos-Ortega, 1977). 
Integration of spectral signals from neighbouring ommatidia 
The suggestion that electrical inhibition is not the sole source of spatial 
antagonism in the insect lamina (Laughlin, 1974b; James and Osorio, 1994) is supported 
by the finding th.at the surround receptive fields of different LMCs within a single 
cartridge (which we assume has an equipotential extracellular space) have different 
spectral sensitivities (Fig. 4-9, -10 & -11). The LMC is able to integrate different 
spectral signal inputs from the photoreceptors in the same ommatidium and also from 
neighbouring ommatidia. The spectral sensitivity measured from the depolarising 
surround indicates that the spatial antagonism of the LMC receptive field is 
accompanied by spectral antagonism. A summary diagram illustrating the spatio-
spectral antagonisms of these two types of UV-sensitive LMCs is shown in Figure 4-12. 
Just as the spectral sensitivity of the centre hyperpolarizing response is related to cell 
type, the spectral sensitivity of the lateral inhibition is also dependent on the cell type 
(Fig. 4-12). Because the LMCs are the main intemeurons for processing and conveying 
the information received by the photoreceptors to the second optic neuropil, the 
medulla, this antagonism could be related to the colour opponent neurons which have 
been found in the medullae of locusts (Osorio, 1986; 1987), bees (Hertel, 1980; Hertel 
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Figure 4-12. Summary diagram for illustrating the spatio-spectral antagonism of cell types 2 and 4. Each curve represents a receptive field 
with centre-surround organisation. The central peak of each curve represents the excitatory centre and the two concave flanks represent the 
inhibitory surround. Measured and possible (?) spectral inputs of the receptive fields in the dark- (DA) and light-adapted states (LA to 370 
nm: left column; LA to 550 nm: right column) are marked with 'UV' (from 360 nm photoreceptors) and/or 'Gr' (from 530 nm 
photoreceptors ). 
and Moronde, 1987; Hertel et al., 1987; Kien and Menzel, 1977) and butterfly larvae 
(Ichikawa, 1986; 1991). 
As is evident from Chapter 2, there are multiple photoreceptor types in the 
dragonfly visual system. Each type has a pigment which is responsive to a particular 
bandwidth of the visual spectrum and there is a high degree of overlap between the 
spectral sensitivity curves of the photoreceptors. Therefore, an intense light of one 
particular wavelength might evoke responses from more than one spectral type of 
photoreceptor. Thus, once the photoreceptors react to a stimulating light, the 
wavelength of the light that initiated the response cannot be determined by knowing the 
response of a single class of receptors. This information can only be obtained by 
comparing the responses of several receptor classes. A simple way to make this 
comparison is to subtract the signal produced by one class from that produced by 
another class. Then, the resulting output will be excitatory if the stimulating wavelength 
falls within the spectral sensitivity of the first class, and inhibitory if it falls within that of 
the second class. This so-called "colour opponency" is the most widely accepted 
mechanism for explaining the processing of spectral information in the visual system. 
One can ask how best the signal from the various photoreceptor classes should be 
combined (using excitatory and inhibitory inputs) to extract colour information in the 
most robust manner, and hence increase the accuracy of transmission. Quantitative 
studies of this question in human vision (e.g. Barlow, 1961; Buchsbaum and Gottschalk, 
1983; van Hateren, 1993) predict that the optimum strategy is to combine the signals in 
such a way as to minimize the correlation between the different colour channels. This 
prediction agrees quite well with the colour opponency observed in human vision. 
In vertebrates, colour vision begins with the differential activation of different 
types of cone photoreceptors. Signals from different cone types are relayed to the 
bipolar cells and horizontal cells, and then, retinal ganglion cells (Dowling, 1979). 
Retinal bipolar and horizontal cells are characterized by their sustained and graded 
responses. The apparent role of horizontal cells is to transmit information between 
horizontally distant photoreceptor cells, in the form of "surround" effects upon the 
photoreceptors or bipolar cells. By receiving lateral inhibition through horizontal cells, 
bipolar cells also have receptive fields consisting of antagonistic centre and surround 
components (Werblin and Dowling, 1969; Kaneko, 1970; Kaneko and Tachibana, 
1983). Since several classes of horizontal cells are cone-specific (e.g. Norton et al., 
1968; Stell and Lightfoot, 1975), the centre-surround receptive fields of some types of 
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bipolar cells are also colour opponent (Hashimoto and Inokuchi, 1981; Kaneko and 
Tachibana, 1983). From the anatomical point of view, the bipolar cells of vertebrate 
retina are equivalent to the LMCs of the insect retina. Physiologically, the responses 
and intensity/response functions of the LMCs and the bipolar cells, as well as the light 
adaptation mechanism observed in the first order intemeurons are also similar. These 
similarities have been described in detail (Laughlin and Hardie, 1978; Laughlin, 1981). 
The findings obtained from measuring surround spectral sensitivities of the dragonfly 
LMCs demonstrate that, like bipolar cells, the LMCs also exhibit colour opponency by 
receiving lateral inhibition from other spectral inputs. It is possible that a common 
strategy for spectral information processing in the early visual stage is also shared by the 
two visual systems. 
Interestingly, both of the UV-sensitive LMC types show a common 
phenomenon: the spectral sensitivity of the dark-adapted depolarising inhibitory 
surround (dashed lines in fig. 4-9, -10 & -11) is similar to the spectral sensitivity of the 
550 nm light-adapted hyperpolarizing excitatory centre (dashed lines in fig. 4-3b, -4a, -
5, & -6a). It seems that the lateral inhibitory input arises from a lateral synaptic input 
(i.e. from neighbouring ommatidia) which contributes spectral signals to their own 
hyperpolarizing centre when the eye is light-adapted. Models for cell types 2 and 4 in 
the dark-adapted state are shown in Figure 4-13. For cell type 2, the model shows that 
the dark-adapted LMC receives receptor inputs from two spectral types of 
photoreceptors, the 360 nm and 530 nm photoreceptors (shaded), of the same cartridge 
(central cartridge) as well as lateral inhibitory inputs (shown with'·') from the 530 nm 
photoreceptors of other cartridges (surround cartridges). For cell type 4, the model 
shows that the central LMC receives receptor inputs from the 530 nm photoreceptors 
(shaded) of the same cartridge, and lateral inhibitory inputs (shown with '·') from the 
360 nm photoreceptors of surround cartridges. When both the centre and surround 
LMCs are stimulated simultaneously (e.g. a broad field illumination), the photoreceptors 
in surround cartridges are activated and contribute inhibitory input to the central LMCs 
through an as yet unknown neural pathway (shown with '?'). Previous anatomical 
studies have indicated that LMCs do not have any direct connection to the 
photoreceptor axons from the lateral ommatidia. However, each monopolar cell in a 
cartridge has synaptic connections to amacrine cells which also connect to 
photoreceptor axons in other cartridges (Strausfeld, 1976; Strausfeld and Campos-
Ortega, 1977; Meinertzhagen and Armett-Kibel, 1982). It is therefore possible that the 
lateral inhibition is mediated by amacrine cells. Unfortunately, the physiology of 
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Figure 4-13a-b. Model for a. cell type 2 and b. cell type 4 in the dark-adapted state. The models show how the two LMC types could 
integrate different spectral signals from the photoreceptors in the dark-adapted state. a. Cell type 2 receives inputs from 360 nm and 
530 nm photoreceptors centrally (shown shaded), and from 530 nm photoreceptors laterally. Each 530 nm photoreceptor which 
contributes depolarising signals to lateral inhibition (shown by'·') in the dark-adapted state could contribute hyperpolarizing signals to 
the central receptive field of the cell type 2 which shares the same cartridge. b. Cell type 4 receives signals from 530 nm 
photoreceptors centrally, and from the 360 nm photoreceptors laterally. In the dark-adapted state, this cell type does not receive input 
from 360 nm photoreceptors (shown unshaded). The 360 nm photoreceptors which contribute depolarising signals to neighbouring 
cartridges in the dark-adapted state could also be the photoreceptors which contribute hyperpolarizing signals to cell type 4 in their 
cartridges when the eye is in the light-adapted state. An unknown intemeuron (possibly an amacrine cell), conveying inhibitory signals 
('·')between neighbouring cartridges, is labelled with a'?'. 
amacrine cells is poorly understood at present. Because the lateral inhibition of each 
type of LMC is contributed by a specific set of photoreceptor types, the interaction of 
different spectral inputs upon the central LMCs is now predictable. For example, when 
the eye is stimulated by broad-field, white flashes, cell type 4 would receive signals from 
530 nm photoreceptors which are opposed by inhibitory input from 360 nm 
photoreceptors in the surround cartridges, while the signals from the 360 nm and 530 
nm photoreceptors summed by cell type 2 would be opposed by the inhibition from the 
530 nm photoreceptors in the surround cartridges. Because these two types of LMCs 
exhibit UV-Green opponency and the LMCs are the main intemeurons conveying 
information to the medulla as mentioned above, it would not be surprising to find-:,~. 
UV-Green opponent cell in the dragonfly medulla. UV-Green opponent cells have been 
found in the medullae of other insects (e.g. Kien and Menzel, 1977; Osorio, 1986, 1987; 
Ichikawa, 1986, 1991). 
These models could be different in the light-adapted state. We can speculate on 
the spectral antagonism of these cell types in light-adapted states, if the surround 
spectral sensitivity functions are constant in the dark- and light-adapted states. For 
example, since the centre spectral sensitivities of these cell types do not change very 
much when the LMCs are adapted to 370 nm light, it is possible that the mechanisms 
underlying the changes of spectral sensitivity do not operate on UV light adaptation. If 
this is true, then the surround spectral sensitivities should be similar to those in the dark-
adapted state, and so the colour opponency should be the same as on dark adaptation. 
That is, cells of type 2 would be (UV +Green)-Green opponent and cells of type 4 w6uld 
be Green-UV opponent (see left columns for UV adaptation of each type in Fig. 4-12). 
In the 550 nm light-adapted state, on the other hand, the situation could be interesting if 
the inhibitory surround exhibits the same spectral sensitivity as in the dark-adapted 
state. Then, both cell types 2 and 4 would receive their excitatory and inhibitory inputs 
from the same types of photoreceptors, and would therefore lose their colour 
opponency (see right columns of each type in Fig. 4-12). Thus, adaptation to green 
light would cause cell type 2 to become a spatially-opponent "green" cell, and cell type 
4 to become a spatially-opponent "UV" cell. If the assumption of inhibitory spectral 
constancy is right, then, it seems curious that adaptation to green light may remove 
spectral opponency in the LMCs. One possible explanation is that these LMCs could be 
able to detect small contrasts by removing the signal redundancy in the background as 
suggested by previous studies (e.g. Srinivasan et al., 1982; Laughlin, 1989) when the 
LMCs are adapted to green light. 
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Further experiments to measure the surround spectral sensitivity of light-adapted 
LMCs are necessary to understand the colour opponency of the light-adapted LMCs. 
However, the surround inhibition does not appear to be uniform and, as I mentioned in 
the Results, the centre-surround receptive field does not appear to be concentric. Also, 
the results on the temporal properties of the response indicate some additional 
complexity, at least in cell type 4 (Fig. 4-8b ). Other methods for characterizing the 
details of the spatial and temporal antagonism with more comprehensive stimuli than 
point sources should perhaps be considered first to insure that any further studies on the 
adaptation of the surround are done in a meaningful way. Therefore, it is necessary to 
characterise the spatial and temporal antagonism carefully before doing more 
sophisticated colour adaptation experiments. Methods such as nonlinear systems 
identification can provide this kind of information. 
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Chapter 5. Spatiotemporal Receptive Fields and 
Nonlinear Properties of Photoreceptors and Lamina 
Monopolar Cells 
Summary 
The receptive fields of the photoreceptors and the lamina monopolar cells 
(LMCs) as well as the nonlinear properties of the LMCs of the dragonfly, 
Hemicordulia tau, .are studied with t~o classes of white-noise-modulated stimuli: one 
having the spatial form of a _cbec~eg~~"4. and the other a spot with a surrounding 
. . . . cbecker~r'\ 
annulus. Kernels are estlIIlated by least-squares techruques which m the-~· -1c ·· .~ .. 
case describe the weighting of the stimulus signal over space and time, and in the spot-
annulus case describe the components of the linear and the second order components 
of the response. Unlike the photoreceptors which have no lateral inhibition, the 
spatiotemporal receptive fields of most of the LMCs have inhibitory receptive fields 
flanking the receptive field centre. The shapes of the inhibitory fields are diverse, but 
most of them are bi-lobed as described in the fly lamina (James and Osorio, 1994) 
rather than annular, as in classical "surround" inhibition. Unlike some fly LMCs, no 
broad, circular antagonistic inhibition could be observed in any of the dragonfly 
LMCs. In contrast to the diversity of the shapes of the inhibitory fields, the nonlinear 
properties of the dragonfly LMCs are mostly consistent. A common attribute of the 
nonlinear properties of dragonfly LMCs is an inverted, nonlinear signal contributed by 
the surrounding cartridges, indicating that at least part of the lateral inhibition is 
mediated synaptically. 
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I. Introduction 
In any visual system, each photoreceptor in the retina has its receptive 
'windows' in the spectral, spatial and temporal domains. Within these receptive 
'windows', the sensitivity of a photoreceptor is a function of stimulus wavelength, 
location and time. These 'windows' transform the incoming signal into meaningful and 
accessible information in the visual system. In the course of the processing of the 
optical signal through the visual system, the outputs from different photoreceptors will 
interact with each other or be integrated by the subsequent neurons. 
In the insect visual system, neural integration and interaction occur first in the 
transmission of receptor signals to the lamina. For example, as described in preceding 
chapters, the spectral sensitivity changes of light-adapted lamina monopolar cells 
(LMCs) are probably due to the interaction between different spectral inputs (Chapter 
3). Hartline and Ratliffs (1956) demonstration of lateral inhibitory interactions in the 
retina of Limulus instigated intense studies on the peripheral visual systems of many 
different animals. A number of authors have suggested that lateral inhibition occurs in 
insect LMCs. For example, in the fly and dragonfly, the narrower angular sensitivity 
function of the LMCs (relative to the photoreceptors) suggests that lateral inhibition 
constricts the LMC visual fields and increases relative sensitivity to medium spatial 
frequencies (fly: Zettler and Jarvilehto, 1972; Zettler and Autrum, 1975; dragonfly: 
Laughlin, 1974b). Another source of inhibition of LMCs, temporal inhibition, is 
demonstrated by the response of LMCs to long flashes of light When the intensity of 
the stimulating light is increased, instead of a steady hyperpolarization, the response 
waveform to a 200 ms light flash consists of a sharp initial transient followed by a 
much lower plateau (Laughlin, 1974b; Zettler and Weiler, 1976). This could be 
attributed to a delayed lateral inhibition which is too slow to affect the initial transient 
but which is strong enough to depress the plateau. Alternatively, the transience could 
be due to a rapid, non-linear gain control as in the case of "Y-type" ganglion cells in 
the vertebrate retina (Shapley and Victor, 1978). 
Previous studies have suggested that the receptive fields of fly LMCs have an 
antagonistic centre-surround configuration (e.g. Zettler and Weiler, 1976; Srinivasan 
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et al., 1982). However, using a short slit stimulus rotating around the receptive field, 
Mimura (1976) was able to demonstrate that the inhibitory effects appeared at 
different distances at different orientations. Moreover, lateral inhibition may not be a 
simple subtraction as shown in a recent white-noise study of the retino-lamina system 
of two species of fly (Eristalis tenax and Calliphora vicina) (James and Osorio, 
1994). That study showed that while the receptor kernels are separable into the tensor 
product of a temporal waveform and a spatial sensitivity, the LMC receptive fields 
cannot be described in this way, indicating the presence of more complex lateral 
effects. Also, in addition to the depolarising annulus surrounding the hyperpolarising 
centre, the lateral inhibitory receptive fields of certain of these fly LMCs have two 
lobes straddling either side of the receptive field centre (see Fig. 5-13; James and 
Osorio, 1994). We should not expect lateral interaction in the dragonfly to be any less 
complex. 
One property which the previous chapters have revealed is the sophisticated 
synaptic interaction of different sorts of spectral information. Some evidence was 
presented in Chapter 4 that, like some fly LMCs, the surround inhibition may not be 
concentric but rather is concentrated along particular orientations. Before examining 
the spectral interactions of LMC receptive field components in detail, it is reasonable 
to explore the use of visual stimuli which can more easily address questions of two 
dimensional receptive field shape, temporal response dynamics and non-linear synaptic 
interaction. Also, cells with spatially complex receptive fields are obviously designed 
to interact with stimuli which are spatially extended and have mixed temporal and 
spatial content. For all these reasons I decided to use so called "white-noise" stimuli 
to examine the potentially complex spatio-temporal character of LMC receptive fields. 
The need for white-noise stimuli can be shown through an examination of 
problems with more classical stimuli. The receptive fields of photoreceptors and 
LMCs have been investigated using various methods. A common method of 
measuring the receptive field is to use a point source of light. Since the receptive 
fields of LMCs are likely to be generated by rather complex properties of lateral 
inhibition, methods that stimulate only one location at a time may not reveal certain 
important aspects of lateral interaction. Thus, it is often more effective to use 
extended stimuli which cover more of the receptive field at the same time, e.g. bars 
(Mimura, 1976) or annuli (Zettler and Weiler, 1976). Another way of measuring the 
receptive field is to use moving gratings of different spatial frequencies to determine 
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the spatial modulation transfer function (e.g. Tunstall and Horridge, 1967; Dubs, 
1982). However, the use of drifting gratings gives information only along one spatial 
dimension, rather than the actual two-dimensional field. Moreover, because the neural 
image is processed in time as well as space, an appropriate description of the spatial 
receptive field should include the time domain as well. White-noise techniques have 
been applied widely in visual science to obtain comprehensive descriptions of 
spatiotemporal receptive fields of visual cells (e.g. Marmarelis and Naka, 1972, 
1973a,b,c; rev. Marmarelis and Marmarelis, 1978; Sakai et al., 1988; Sakai, 1992). 
White-noise analysis has also been used for the study of insect visual systems, 
including visual cells of the fly (e.g. Marmarelis and McCann, 1973; Mccann, 1974; 
French and Jarvilehto, 1978) and ocellar neurons of the cockroach (Mizunami et al., 
1986). Application of white-noise-modulated visual stimuli in the study of LMCs was 
first carried out by French and Jarvilehto (1978) to determine the linear temporal 
transfer functions between the light stimulus and the resultant fluctuations in 
membrane potentials of LMCs. Recently, white-noise techniques were applied to 
characterise spatiotemporal receptive fields and nonlinear response components of 
LMCs (James, 1990, 1992; James and Osorio, 1994). These studies have so far been 
restricted to the lamina of the locust and the fly. However, the latter has a special 
neural configuration amongst insect visual systems, "neural superposition", as 
described in Chapter 1, making it a less general subject of study. 
Two questions are addressed in this chapter: what is the shape of the inhibitory 
field of the dragonfly LMCs, and what is the relationship between spectral integration 
and lateral inhibition? Two stimuli of the white-noise class, one having the spatial 
form of a checkerboard and the other consisting of a spot and a surrounding annulus, 
were used to analyse spatiotemporal integration and response nonlinearities, 
respectively. The results show that the shapes of the inhibitory fields of dragonfly 
LMCs are diverse, but the relationship between the excitatory centre and inhibitory 
surround is consistent among most of the recorded cells. Moreover, there is an 
inverting nonlinear contribution from surround cartridges, suggesting that a synaptic 
input is involved in the lateral inhibition. Since there are five spectral and anatomical 
types of LMC in the dragonfly lamina, an attempt was made to compare the receptive 
fields of these LMC types. 
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II. Materials and Methods 
Animals and preparation 
Adult dragonflies, Hemicordulia tau (Odonata, Anisoptera, Cordulidae), were 
caught near creeks and lakes in Canberra, southeast Australia. The preparation of H. 
tau for intracellular recording from retina and lamina has already been fully described 
in Chapters 2 and 3. 
White-noise analysis technique 
Two experimental variations of white-noise analysis techniques (review Sakai, 
1992) were used in this study. These techniques present a stimulus with high temporal 
bap.dwidth and power, defined on a certain spatial domain. By analysing the recorded 
response relative to the presented stimulus signals it is possible to derive a description 
of the response signal as a function of the stimulus signals which can capture complex 
aspects of the LMC system. The spatial form of the stimulus and the functional 
description fitted to the data can be designed to address various aspects of the system 
under study. The experiments presented here utilised an experimental system 
developed by James and Osorio, previously used extensively in experiments on visual 
neurons in the fly optic lobe (James 1990, 1992; James and Osorio, 1994). 
Stimulus generation 
Figure 5-1 shows a schematic representation of the system for visual 
stimulation and response recording. The stimuli were produced on a Joyce 
W\Or\itO'r 
· _ -·~~=~--- .(model DM 2) with a green P31 phosphor. The lowest and the highest 
intensities of the monitor were used to produce binary white-noise stimuli with 100 % 
contrast of the light and dark areas.1, This istto say the visual stimuli adopted one of 
w\tl-. ftt.pec t~ t~ YAU.\\ ~l\-.~~ifof\ of tila SCMe~" 
two states: the maximum CRT brightness or the minimum bnghtness. The mean level 
of illumination was measured as (1.2± 0.2) x 10-4 W cm-2 srl with an IL 700 
photometer (International Light, Massachusetts) and an SEE 100 photodetector 
through a 6 x 7 cm aperture and from a distance of 1.02 meters. The spectral 
composition of the radiation in terms of relative photons is shown in Figure 5-2 along 
with the spectral sensitivity curves of the dragonfly LMCs (Chapter 3). The white-
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Figure 5-1. Schematic drawing of experimental setup. On the right, a Joyce J•·,~)&l~v:_-c- :: :-
driven by a computer (486 PC) which generates the visual stimulus. On the left, the 
intracellular response is amplified, digitized and processed. 
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Figure 5-2. Spectral photon transfer charateristics. Solid line, relative photon emission 
density for the P 31 green phosphor (adapted from figure 12 in James, 1990). For 
comparison, the light-adapted spe-ctral sensitivities of five types of dragonfly LMCs are 
shown with discrete lines. --: cell type 1; ··+·· : cell type 2; -o-: cell type 3; --: cell type 4; 
····: cell type 5. 
noise signal and cellular responses were stored and analyzed on a computer (PC 486). 
An AT-Vista board (from Truevision) in the 486 machine produced the visual stimuli. 
Stimulus control, data acquisition and preliminary analysis were under the control of 
software developed by Dr. A. C. James. 
First design: Spatiotemporal analysis 
The first experimental design seeks to describe comprehensively the integration 
of stimulus energy over space and time. The stimulus used to probe the system has 
the spatial form of a checkerboard of sixteen by sixteen square regions, the side of 
each region subtending an angle of 1.4 degrees as seen from the insect eye (The eye 
was 30 cm from the face of the CRT). These 256 regions are modulated, each with an 
independent temporal white-noise signal, to generate an approximation to 
spatiotemporal white-noise. In detail, the intensity of a square is set to maximum or 
minimum on each frame, with probability one half. Each square thus fluctuates in 
contrast between the two values plus one and minus one, updated at a frame rate of 
200 Hz, that is every 5 milliseconds. Each stimulus run consisted of a sequence of 
8192 frames, taking around 40 seconds. 
The mathematical description of system properties (i.e. LMC response 
properties in this case) corresponding to this stimulus is a generalisation of the concept 
of a linear time-invariant system and the concept of integration with a spatial 
weighting function. 
Consider first the situation of continuous space and time. If the stimulus is 
described by a function s(x, y, t) giving the contrast at spatial location (x, y) and time 
t, and the recorded response is described by the function r(t), then the transfer from 
stimulus to response is modelled as: 
r(t) = JJJ h(x, y, t1) s(x, y, t-t1) dx dy dt1 + e(t) (1) 
where the weighting function h(x, y, t1) is called the first order (linear) spatiotemporal 
kernel of the system, and integration is taken over the spatial extent of the visual 
stimulus (x, y) and (convolved) over the temporal memory-length of the system. The 
term e( t) is the residual error not accounted for by the model. 
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In the experimental case, this expression is replaced by the corresponding 
discretised expression, which relates the contrast of the 16 by 16 checkerboard regions 
at each frame time, and the response as a sequence of samples taken in time, with the 
integrals replaced by summations. 
After presenting the stimulus and recording the response, a novel data analysis 
estimates the kernel values which minimise the sum of squares of the residual, e( t) 
(James, 1990; James, 1994 in preparation) by a procedure involving division in the 
frequency domain, equivalent to a deconvolution; this essentially solves the convolute 
equation (1) for the kernel h(x, y, t1), in a way that minimises the sum of squares of 
the residual, e(t). The estimated kernels are thus least squares estimates, which are 
more accurate than the conventional cross-correlation estimates (Lee and Schetzen, 
1965) used in most white-noise studies. 
Explanation of kernels 
Figure 5-3 shows an example of a linear spatiotemporal kernel obtained for the 
16 x 16·- stimulus. This can be understood as follows. The bottom-right 
ekecke1'boi>.Yti 
panel shows the time-course of the linear kernel at the receptive field centre. The 
latency scale is shown in milliseconds, and the baseline of zero response is shown by a 
dotted line. The value and latency of the peak are indicated in the figure title having 
the units of millivolt (m V) and millisecond (ms) respectively. The remaining 15 panels 
show the linear spatial receptive fields at latencies from 0 to 70 milliseconds in five 
millisecond steps, indicated in the upper-left comer of each panel. Because the 
spatiotemporal kernel, the weighting function h(x, y, t1) of equation (1), represents 
the dynamics of the spatial receptive field within the time domain, the presentation of 
the spatiotemporal kernel in Figure 5-3 can be compared to a film sequence, where 
each of the panels can be compared to a discrete frame of the film. Therefore, the 
spatial kernel shown in each of the panels displays the spatial receptive field at the 
specified latency, and the variation of spatial receptive field during the response time-
course can be easily visualized. Contours are drawn for increments of response level 
equal to an arbitrary percentage of the extreme value of the kernel. In figure 5-3, the 
contours are drawn in intervals of 2 %, as indicated at the end of the figure title. 
Positive contours are in solid lines, negative contours are contained within shaded 
regions, and the contour at level zero is omitted. The axes of each panel are in 
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Figure 5-3. Spatiotemporal kernel for a dragonfly LMC, derived from the 
checkerboard stimulus. This kernel is also known as the spatiotemporal receptive 
field. The format of this figure is followed for figures 5-5 to 5-9. The bottom-right 
panel shows the time-course of the kernel at the receptive field centre. The latency 
scale is shown in milliseconds. The value and latency of the peak are indicated in the 
title. The remaining 15 panels show the spatial receptive fields at latencies from 0 to 
70 ms in 5 ms steps, reading from left to right and down the page. Contours are 
drawn for increments of level equal to 2% of the peak value of the kernel. Positive 
regions are shown as solid lines (unshaded), negative regions are shaded, and the 
contour at level zero is omitted. Note that the lateral inhibitory fields (positive 
contours, best seen at latencies 20 - 25 ms) are lobed and oriented along an axis 
about 30° from the horizontal. The magnitudes of the lateral lobes are unequal. 
degrees of both azimuth and elevation (refer to the bottom-left panel). The format of 
this figure is followed for Figures 5-5 to 5-9. 
In figure 5-3, for example, the cell displays a hyperpolarising input to its 
receptive centre (shaded negative contours) and depolarising inputs from two 
separated surround fields (contours in solid lines) straddling the receptive-field centre. 
The receptive-field centre appears first at a latency of 10 ms and vanishes by 45 ms. 
The lateral inhibition appears later than the receptive-field centre with a latency of 20 
ms but vanishes earlier than the centre response with a latency of 30 ms. 
It is important to emphasise that spatiotemporal kernels of the type shown in 
figure 5-3 represent only the linear component of the LMC response. This is a special 
property of the Wiener kernels we are estimating. That is, separate sets of Wiener 
kernels are required to describe the linear, quadratic, cubic, etc. responses of the 
system under study. A difficulty with this method is that if one uses multiple inputs, as 
in the 64 checks, of the stimulus used for figure 5-3, then the number and complexity 
of the higher order kernels becomes unmanageable. Low signal to noise ratios and 
finite stimulus duration also make it impossible to accurately estimate higher order 
kernels, which describe nonlinear response behaviour, especially when many inputs are 
used. 
Second design: Nonlinear response properties 
The second design seeks to describe quadratic nonlinear properties of the 
system response. This involves second-order expressions in the stimulus signals, 
including interaction terms between stimulus spatial regions. The spatial form of the 
stimulus is modified for this analysis; as mentioned above if interactions between all 
the squares of the checkerboard stimulus were considered, there would be far too 
many kernel values to be meaningfully estimated. We thus wish to use a stimulus with 
a smaller number of regions, and one where each region will stimulate nonlinear 
properties of the cell more strongly. As the LMC receptive field essentially consists of 
a discrete centre and a surround of varying extent, the clear choice is a spot-annulus 
configuration. The stimulus thus consisted of a spot of radius 1 degree, and an 
annular region extending from 3 degrees to 6 degrees radius. The spot was placed on 
the receptive field centre, as found by the preceding spatiotemporal analysis. 
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The two regions were driven by two temporal signals, again setting the 
contrasts to plus one or minus one on each frame, as with the checkerboard stimulus. 
In this case, however, the signals were "maximal-length shift register sequences" (m-
sequences) following the technique of Sutter (1987). These signals have second-order 
statistical properties close to that of white-noise, but have particular higher-order 
properties that allow the least-squares estimation of the kernels to be calculated very 
rapidly. The technique is explained in detail in Sutter (1992). 
The mathematical description of the system response to a two-region stimulus 
is as follows, for the continuous-time case. ff the temporal contrast of the spot and 
annulus are described by the functions a(t) and b(t) respectively, the first-order 
components of the response are given by the traditional linear time-invariant 
expressions: 
(2) 
where the integration is preformed over the memory-length of the system. Note that 
the meaning of (2) is that the linear response due to the centre and surround is the sum 
of the convolutions of the kernels, ha and hb, with the centre and surround stimuli, 
respectively. 
Second order effects of the stimulus must involve the tensor products (or 
"cross" products) of stimulus values within the memory length of the system, that is 
expressions of the stimulus of the form: 
a(t-t1) b(t-t2) (3) 
The resulting two dimensional tensor products of the stimuli are then weighted by 
kernels which are in tum functions of the two latency variables, and the resulting term 
is integrated over all possible pairs of latencies within the memory length of the 
system. The interactive term between spot and annulus, or the "cross kernel", is thus: 
(4) 
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while the second order term for the spot alone (the "self-quadratic" term) is 
(5) 
with a corresponding term for the annulus alone. The complete second order model is 
then 
r(t) = J ha(t1) a(t-t1) dt1 + J hb(t1) b(t-t1) dt1 + J J haa(t1, t2) a(t-t1) a(t-t2) dt1dt2 
+ J J hab(t1, t2) a(t-t1) b(t-t2) dt1dt2 
+ J J hbb ( ..... ) + e(t) (6) 
In the experimental case, the discretised version of this expression is fitted with 
integrals replaced by summations. 
It is worth noting that the integrals describing the estimation of the response 
r( t) are used as a parameter in the one-dimensional temporal variable, t. The meaning 
of this is that the integrals are not normal two dimensional convolution integrals. 
Normally, convolution of a two-dimensional kernel, like haa, with the two-dimensional 
version of the stimulus, like a (t-t1) a (t-t2) would yield a two-dimensional output. 
The notion here indicates a single "convolution" of the second order kernels along the 
diagonal only of the two-dimensional data matrix, which yields a one-dimensional 
output. In this way, all the quanties in equation (6) can add up to a single one-
dimensional response which differs from the real response r(t) by the error e(t). 
Kernel functions are estimated by the techniques of Sutter (1987, 1992). This 
involves calculation of the first-order cross-correlation between stimulus and response. 
The m-sequence stimulus signal is almost exactly shift-orthogonal, that is, the inner-
product of the signal taken at different delays is almost exactly zero (actually equal to 
-1, giving an error of -1/8191, for a sum length of 8191 points). This means that the 
experiment is almost exactly an orthogonal design, and the cross-correlation estimates 
are almost exactly the least-squares estimates. This is in contrast to the classical 
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white-noise Lee-Schetzen technique (Lee and Schetzen, 1965), which is only 
orthogonal in the limit as the sum length tends to infinity. 
An additional property of the m-sequence means that the second-order cross-
correlations appear on the first-order cross-correlation function, at various known 
time-shifts. The least-squares estimates for the second-order kernels can thus be 
extracted from the same first-order cross-correlation function (Sutter, 1987, 1992). 
Explanation of kernels 
These kernels are plotted as in figure 5-4, with the two first order kernels, ha 
and hb, on the same axes (upper-left panel), and contour plots of the three second 
order kernels, haa (lower-left panel), hbb (upper-right panel) and hab (lower-right 
panel), plotted. The first order kernels, ha (solid line) and hb (dashed line) represent 
respectively: the linear components of the LMC response produced by the stimuli of 
centre spot, and surround annulus. In other words, ha can be considered as an impulse 
response of the LMC evoked by the centre spot, and hb as an impulse response evoked 
by the surround annulus. The quadratic non-linear components of the LMC response 
are represented by the three second order kernels. In each of the kernels, the negative 
contours are enclosed in shaded regions, and the contour at zero level is omitted. The 
same contour levels are used for these three panels. In the figure 5-4, the interval of 
contour drawing is set at 10% of the maximum kernel magnitude (as indicated at the 
end of the figure title). The numbers in the panels indicate relative kernel amplitudes: 
(1) the signed amplitude of each kernel (e.g. in the upper-left panel ha: -100; hb: 23) as 
a proportion of the centre response, and (2) the proportion of total signal power 
contributed by each kernel (e.g. ha: 87.8 %; hb: 4.9 %). All the signed amplitudes in 
the panels of the three second order kernels are relative to the extreme value of the 
first order kernel ha, set to -100. The peak value of ha is given in the title. For both 
first and second order kernels, the amplitude used is the millivolt value, representing 
the predicted peak amplitude for that component, in response to a flash of contrast one 
for one frame (5 ms) of stimulus. The format of this figure is followed for figures 5-10 
to 5-12. 
The two self-second order kernels, haa and hbb, can be considered as the 
nonlinear effects of two repeated, impulsive stimuli (brief flashes) delivered to the 
centre or the surround, respectively. The latencies of the two stimuli are indicated as 
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Figure 5-4. First and second order kernels for a dragonfly LMC, derived from spot-
annulus stimulation. The mathematical expressions by which these kernels are used 
to predict cell responses are explained in Methods. The format of this figure is 
followed for figures 5-10 to 5-12. The two first order kernels and the three second 
order kernels are plotted in four panels in such a way as to facilitate comparison 
between kernels over the latency range. The first order kernels ha for the spot and 
hb for the annulus are plotted in the upper-left panel as solid and dashed lines, 
respectively. The second order kernel haa for the spot is shown in the lower-left 
panel, the second order kernel hbb for annulus is shown in the upper-right panel, and 
the cross-kernel hab is shown in the lower-right panel. The same contour levels are 
used for these three panels, with increments equal to 10% of the extreme value over 
all three second order kernels. Positive parts of the kernels are plotted as solid lines 
(unshaded), negative parts are shaded, with the zero level contour omitted. The 
cross-kernel hab of the lower-right panel is plotted with the latency relating to the 
spot on the vertical axis (t 1) and the latency relating to the annulus on the horizontal 
axis (t2); this allows comparison of latencies with the corresponding self-second 
order kernels, to the left and above, respectively. The numbers in the panels indicate 
relative kernel amplitudes. The percentage is the proportion of total signal power 
contributed by each kernel, that is, 87.8% for ha, 4.9% for hb, and so on. The other 
index is the signed amplitude of each kernel, relative to the extreme value of the first 
order kernel ha, set to -100; this peak value is given in the title. The amplitude used 
is the millivolt value, representing for both first and second order kernels the 
predicted peak amplitude for that component, in response to a flash of contrast one 
for one frame (5 ms) of stimulation. 
t1 (vertical axis) and t2 (horizontal axis) in milliseconds. When t1 = t2, the non-linear 
effects caused by two simultaneous flashes (i.e. a flash of double the nonnal intensity) 
can be read from the contours along the diagonals of the panels. In figure 5-4, for 
example, the nonlinear component of the LMC response consists of a negative 
component and then a positive component when two stimuli stimulate the centre 
simultaneously (haa), and of a positive component first when two stimuli 
simultaneously stimulate the surround (hbb ). Similarly, when t1 '# t2 (i.e. the flashes are 
delivered at different times), the non-linear effects can be read along the lines parallel 
to the diagonal. The cross-kernel, hab, represents the quadratic interaction between 
the centre and surround when the centre is stimulated by a brief flash at t1 and the 
annulus by a brief flash at t2• In figure 5-4, only positive contours appear in hab, 
suggesting that the LMC receives a positive nonlinear input when the whole receptive 
field is stimulated. It is worth noting that while the peak amplitudes of the second 
order kernels haa, hbb and hab may be small, their effects can be nontrivial on 
convolution with the stimulus. 
Another feature of the second order kernels to bear in mind is that they 
characterize quadratic interactions. This means that certain stimulus arrangements 
which are different will produce the same quadratic effect. One can think of the action 
of the second order kernels in tenns of a scalar weighting factor (k) multiplying the 
product of two inputs a and b like: k x ax b. Notice that k x ax bis the same for a= 
-1, b = 1ora=1, b = -1. Similarly, the "quadratic interaction" for the case a= -1, b = 
-1 is the same as a= 1, b = 1. Thus, the quadratic interaction of a bright flash at t1 in 
the centre and a "dark" flash in the surround at t2 is the same ( k x 1 x -1) as when the 
dark and bright flashes are swapped in space ( k x -1 x 1). Similarly, the quadratic 
response to simultaneous darkening or brightening at the surround is the same. Most 
of the "sign-dependent" response is contained in the linear response. In principle, it 
might be necessary to estimate the cubic kernels (haaa, haab, habb, ... etc.) to 
characterize sign-dependent responses. Large residuals (e(t)) from equation (6) would 
indicate a need for cubic kernels. 
Electrophysiological recording 
The recording electrodes (aluminosilicate glass) were pulled on a Flaming-
Brown micropipette puller (P 80/PC), had a resistance of 200-250 MQ (when filled 
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with 2M potassium acetate solution), and were driven vertically downwards to 
penetrate the photoreceptors or lamina cells. Records were used only if the maximal 
response exceeded 30 m V in photoreceptors and 20 m V in lamina cells. If the baseline 
potential shifted by more than 5 m V, the recording was abandoned. When a 
photoreceptor or LMC was penetrated, the receptive field of the recorded cell was 
found with a flashing light mounted on a Cardan arm. Photoreceptors and LMCs were 
identified by their narrow receptive fields and transient responses to light flashes, as 
described in the preceding chapters. Once the receptive field was found with a 
flashing light, the stimulating monitor was positioned 30 cm in front of the eye to 
cover the visual field of the cell. 
A spatiotemporal analysis was then done, usmg the checkerboard spatial 
stimulus. The rapid data analysis system allowed the resulting kernels to be viewed 
after forty seconds of recording, and four seconds of calculation. Repeats could be 
done to reduce the noise level in the kernel estimates, although in general one forty 
second run gave adequate results. The analysis also permitted accurate determination 
of the exact position of the spatial receptive field centre with respect to the face of the 
monitor. 
The spot-annulus stimulus was then used to analyse nonlinear properties of the 
cell's response, giving first and second order kernels relating to centre and surround 
stimulation. 
The cell types of some recorded LMCs were identified by their spectral 
sensitivity functions which have been described in Chapter 3. Before measuring the 
spatiotemporal receptive field, the compound eyes were dark-adapted and the spectral 
sensitivities of the lamina cells were measured as described in Chapter 3. 
III. Results 
Over forty-five cells were recorded intracellularly, including both 
photoreceptors and LMCs. The estimated spatiotemporal receptive fields of both the 
photoreceptors and the LMCs were obtained by measuring the spatiotemporal kernels, 
the weighting function h(x, y, t1) of equation (1), at different latencies. The non-linear 
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components of the response of each of the LMCs were further analysed by the second 
order kernels obtained from a spot-annulus white-noise study of the receptive fields. 
Three second order kernels, haa, hbb and hab, are computed as described in Materials 
and Methods to estimate the effects of two repeated stimuli on the excitation centre 
(haa), on the inhibitory surround (hbb), and the interaction between the centre and 
surround (hab ). Because the spatiotemporal receptive fields of the LMCs and the non-
linear properties are diverse, examples of the spatiotemporal kernels and the second 
order kernels are shown below. The kernels from each of the recorded cells are 
shown in the Appendix. An explanation of the meaning of spatiotemporal and second 
order kernels is given in the Materials and Methods section. 
Spatiotemporal receptive fields 
Photo receptors 
Six photoreceptors were recorded from the ventral part of the compound eye. 
The time-course of the kernels measured at the receptive field centres (time-to-peak = 
15 ms, Fig. 5-5) correspond to the light-adapted impulse response (time-to-peak = 14 
- 16 ms, Fig. 2-llb; Note that the stimulus duration in figure 2-llb is 2 ms and figure 
5-5 is 5 ms). Figure 5-5 is entirely typical of photoreceptor responses: no inhibitory 
receptive field was found, and the receptor kernels were not biphasic. 
Lamina Monopolar Cells 
A total of thirty-eight LMCs were recorded from. The time-course of the 
kernels at the receptive field centre is comparable to the light-adapted impulse 
response (Fig. 2-11 ). Omitting those recordings with drifting base lines or poor 
responses to the stimulus, thirty-two cells were classified according to the pattern of 
their positive lateral receptive fields. The majority of these LMCs (sixteen cells) have 
two positive lateral lobes on either side of the central negative region. In nine of these 
cells the lateral lobes are oriented on an axis about 30° from the horizontal (Fig. 5-6; 
most evident at a latency of 20 ms). The lateral lobes of the other seven cells, all of 
which were recorded in the backward-looking part of the ventral eye, are oriented 
horizontally (Fig. 5-7) on either side of the receptive field centre. The latency of the 
lobe response is 5 ms larger than the latency of the initial negative component of the 
centre response. The lobe response disappears before the positive phase of the centre 
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Figure 5-5. Spatiotemporal receptive field of a dragonfly photoreceptor. Note 
that the field consists of a single positive region, rising to peak sensitivity at 15 ms, 
and no lateral effects are seen. Format of contour plots as in figure 5-3. 
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Figure 5-6. Spatiotemporal receptive field of a dragonfly LMC, which displays a 
pair of positive lateral lobes (unshaded contours) on either side of the primary 
negative receptive field centre (shaded contours). Note that the lateral lobes are 
oriented on an axis about 30° from the horizontal. Format of contour plots as in 
figure 5-3. 
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Figure 5-7. Spatiotemporal receptive field of a dragonfly LMC. Note that the 
lateral lobes are oriented horizontally and the magnitudes of the lateral lobes are 
not equal. Format of contour plots as in figure 5-3. 
response begins (see also figs. A-7 to A-22 in Appendix.). The duration of the 
inhibitory lobes is thus about 15 ms. In some cells, the magnitudes of the estimated 
lateral lobes are not even (Fig. 5-3 & 7). In addition to the lobed LMCs, two cells 
without lateral inhibitory flanks appearing at any latency were observed (Fig. 5-8). 
The remaining thirteen cells could not be classified into the above groups. These cells 
have several small positive receptive field zones dispersed around or on one side of 
their negative receptive centres (Fig. 5-9). 
Using spectral sensitivity measurements, the cell types of twelve of the thirty-
eight cells were identified, and these cells included all the five cell types (types 1-5) 
described in Chapter 3. Two cells of type 3 and two of type 4 were recorded, but they 
did not respond to the white-noise stimulus. This is probably because the spectral 
properties of the stimulating screen used here were not suitable for these cell types 
(Fig. 5-2). As described in Chapter 3, cell type 3 is not sensitive to wavelengths 
longer than 520 nm either when the eye is dark-adapted or light-adapted; cell type 4 is 
more sensitive to short wavelengths (<400 nm) when the eye is light-adapted with 
"green" light (e.g. 550 nm). This result may have implications for the spectral 
properties of the light adapted surrounds of these units. That is, the absence of a 
significant hb term may indicate a UV or blue sensitive surround, if a surround is 
present at all. Clear responses were obtained from the other eight cells of types 1, 2 
and 5, and their kernels were calculated. This was possible because these cell types 
are mainly sensitive to 480-550 nm when the LMCs are light-adapted to 550 nm (Fig. 
5-2). The spatiotemporal receptive fields of these eight units are given in the 
Appendix with reference to their cell i.d. numbers. Unexpectedly, the classification of 
these cells in terms of their spectral sensitivities is not consistent with a classification in 
terms of the shapes of their inhibitory fields (see Table 5-1). One cell (cell i.d. 
number: mgj; see Fig. A-26 in the Appendix) which had small positive zones dispersed 
around the negative receptive field centre was identified as cell type 1. Four cells were 
identified as cell type 2: two of them (cell i.d. numbers: mfo & mhq; see Figs. A-9 & 
12 in the Appendix) were classified as horizontal lobed LMCs and the others (cell i.d. 
numbers: meh & mfg; see Figs. A-37 & 38 in the Appendix) as being without 
inhibitory flanks. The remaining three cells were cell type 5: one (cell i.d. number: 
mfs; see Fig. A-20 in the Appendix) had lobed (30° oriented) positive receptive fields, 
and the others (cell i.d. number: mha & mhf; see Figs. A-32 & 33 in the Appendix) had 
positive zones dispersed on one side of the negative receptive field only. 
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Figure 5-8. Spatiotemporal receptive field of a dragonfly LMC, which displays a 
primary negative receptive field centre only (shaded part). Format of contour plots 
as in figure 5-3. 
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Figure 5-9. Spatiotemporal receptive field of a dragonfly LMC. There are several 
small positive regions (unshaded parts) dispersed around the primary negative 
receptive field centre (shaded part). The centre response is nevertheless initially 
hyperpolarising and phasic, charateristic of LMCs. Format of contour plots as in 
figure 5-3. 
Table 5-1. Relationship of LMC type and shape of inhibitory fields. The shapes of the inhibitory 
fields are classified into four categories: I. dispersed inhibitory fields, II. no inhibitory field, III. lobed 
inhibitory fields (30° oriented), and N. horizontally lobed inhibitory fields (see text). 
Cell Type I. II. III. N. 
dispersed no inhibitory lobed inhibitory lobed inhibitory 
inhibitory fields fields fields (30° fields 
oriented) (horizontal) 
1 1 
2 2 2 
5 2 1 
Spot-annulus white-noise study of the LMCs 
After determining the receptive fields by using the checkerboard white-noise 
pattern, the LMCs were stimulated by a spot-annulus white-noise pattern to obtain the 
first and second order kernels of the centre and the surround responses. Discussion of 
the kernels will refer to the parts of a kernel, referring to a division of the kernel into 
parts on non-overlapping regions of its domain, the parts generally being delineated 
by the polarity of the kernel. 
For example,. in all the first-order LMC kernels for the centre, ha, like the 
impulse response, two parts can be distinguished: a primary negative part with a short 
duration and a secondary positive part with a longer duration (solid line in the left-
upper panel in Fig. 5-10). On the other hand, the surround kernel hb has a large 
positive part (dashed line in the upper-left panel in Fig. 5-10) which, in some cases, is 
followed by a small negative part (e.g. Fig. 5-11). Generally, the time-to-peak of the 
positive part of hb is about 17-20 ms. 
In the second-order kernel for the centre, haa., there are four parts which can be 
distinguished (lower-left panels in Figs. 5-10 & 11). (1) The primary part is a compact 
negative region with a latency slightly less than the primary peak of the first-order 
kernel. (2) Besides the primary part, there are two positive secondary parts extending 
87 
mhfac, peak= -5.435mV at 20ms, contours at 100/o steps 
0 .~ ....... 
80 
-1 
> -2 60 fl) 
E E 
-
.E -3 .,... 
- 40 
-4 
20 
-5 ha:-100, 74.7% 
hb: 18, 2.8% hbb: 1, 0.4% 
-6 
20 40 60 80 20 40 60 80 
t1, ms t2,ms 
80 80 
60 60 
fl) fl) 
E E 
.,... .,... 
- -40 40 
• 20 20 @ 
hab: 4, 1.4% 
20 40 60 80 20 40 60 80 
t2,ms t2,ms 
Figure 5-10. First- and second-order kernels for a dragonfly LMC. Format of 
contour plots as in figure 5-4. 
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Figure 5-11. First- and second-order kernels for a dragonfly LMC. Format of 
contour plots as in figure 5-4. 
parallel to the axes. The second order self kernels, haa and hbb, are always plotted in 
symmetric form, so these axial extensions are essentially one feature, appearing as two 
mirror images due to the symmetrization. (3) A positive diagonal peak appears at a 
latency between the negative peak and the positive peak of the first-order kernel. (4) 
Beyond the positive diagonal peak, there sometimes is a positive extension along the 
diagonal (e.g. Fig. 5-11). 
These four features appear m various combinations, and with differing 
magnitudes throughout the population of thirty-two LMC kernel sets. The two main 
variabilities in the kernels lie in the appearance of the positive extension (lower-left 
panels in Figs. 5-11 & 12) along the diagonal and the absence of the axial extensions 
(left-lower panel in Fig. 5-12). The universal feature, of importance to the discussion 
below, is the negative haa kernel values at short latency. As the first order LMC kernel 
is also negative at short latency, this part of haa reinforces the first order response to 
light increments, reflecting the sharp, fast hyperpolarisation of the LMC to a light 
increment Reinforcement also occurs if two "dark" flashes occur close together in 
time. 
The second-order kernel for the surround, hhb, is also variable between cells. 
The amplitude of this kernel is generally smaller than those of the other two second-
order kernels. Two parts appear consistently in this kernel, a positive part with a 
latency corresponding to the primary negative part of haa and a negative part (shaded) 
with a latency corresponding to the positive diagonal peak of haa (upper-right panels 
in Figs. 5-4, 11 & 12). In some cases, however, there are two negative parts 
extending parallel to the axes (Figs. 5-4 & 12), or the positive is totally absent and 
only a small negative part remains (e.g. 0.4 %, invisible contour in the upper-right 
panel of Fig. 5-10). Like hbb, the second-order cross kernel hab has a positive primary 
part and a negative part (e.g. lower-right panel in Fig. 5-10). However, the most 
consistent part ofhab is the positive part, the negative part is sometimes absent (e.g. 
Fig. 5-4). Note that in the majority of cases the kernels hbb and hab are positive at the 
shortest latencies, whereas the kernel haa is negative. Another consistent feature is 
that the positive lobe of hab is often not symmetric about the diagonal but is shifted 
toward the t2 axis. This means there is an inhibitory (positive) reduction of the overall 
LMC response if light moves from the "surround" to the centre. The cells thus tend to 
prefer loomingistimuli over stimuli that recede. 
do.rk 
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Figure 5-12. First- and second-order kernels for a dragonfly LMC. Format of 
contour plots as in figure 5-4. This cell is the same as that in figure 5-7. 
A significant result was that the residual term e( t) was almost always small so 
it appears that characterizing the linear and quadratic kernels is a sufficient description 
of the LMC response (see Methods). 
N. Discussion 
Receptive fields of inhibitory input 
The study of spatiotemporal receptive fields shows that most of the recorded 
dragonfly LMCs have depolarising receptive fields flanking the hyperpolarising centre, 
whereas no lateral inhibitory receptive field was found in the photoreceptors. 
According to the form of the inhibitory receptive fields, these LMCs can be mainly 
classified into three groups: lobed inhibitory fields, dispersed inhibitory fields and no 
inhibitory field. LMCs with lobed inhibitory fields and without inhibitory fields are 
also found in the fly lamina, but not LMCs with dispersed inhibitory fields. The 
following discussion compares the properties of the first two classes of LMCs in the 
dragonfly and the fly. 
About half of the recorded dragonfly LMCs have a pair of inhibitory lobes. 
These inhibitory lobes confirm an observation in the preceding chapter. In Chapter 4, 
where the spectral sensitivities of the inhibitory fields were measured by using a point 
source, the inhibitory areas were sometimes observed to be a pair of lobes. This 
phenomenon has also been reported by Mimura (1976) in the fly, as described in the 
Introduction of this chapter. A study of the spatiotemporal receptive fields of the 
lamina cells in Calliphora and Eristalis flies also shows such lobed inhibitory fields 
(Fig. 5-13; James and Osorio, 1994). However, the appearance and disappearance of 
the inhibitory lobes of the fly LMCs are different from the dragonfly. In Eristalis, the 
inhibitory lobes of the LMCs appear at a latency of 15 ms at high background 
illuminance (estimated mean intensity was (1.2± 0.2)x IQ-4 W cm-2 srl, which is the 
same as in the experiments on the dragonfly) and at 19 ms at low background 
illuminance. In the fly Calliphora, these lobes appear at a latency of 9 ms in the high 
illuminance condition, and 13 ms in the low illuminance condition (Fig. 5-13). On the 
other hand, the inhibitory fields of most dragonfly LMCs, regardless of their form, 
appear at a latency of 15-20 ms, which is greater than that in Calliphora. 
89 
9 11 
l/\ High 
~ • D 
LI\:_ - . - ""' 0 v ., I 
• 9 . ., . 
6. 
~ 
~ 
. ! . • • 
High "· 
L7 ~ . . . -
' 
<> 
t 
. . • <> 
Low 0 ,,,Q 
. . . ,; 
0 
High 
Low 
High 
<) 0 
~ ~Q, ~\)1 u 
Low . 
.a Q [J 
. C7 
rv <> ~ •o. 0 0. n 
0 40 
ms 
. . 
Latency, ms 
13 15 
4!) tl 
~ <> (l • Q 
. 
. d 
. • 
• - ~ 
. 
. 
0 . 
6 
<> • 0 <> ~-
o I o 6 _<> 0 0 c 
@ 
0 
,·., 
Q:i \; ·. 
,p· ~~-q 
~ 
4£ 
. 
~ 
-
17 
9 
<'.) 
. 
~ 
• 
C> 
~'t· 
19 
~ 
¢ 
0 
~ 
tJ> 0 • <><'.) 0 .. 
• 
0 
0 ·o 
" . ¢ 
• 
• 
. 
I 
Figure 5-13. Spatiotemporal receptive fields of four cells, of the cell type indicated. For 
each cell an estimated kernel is plotted for high light level (upper) and for low level. The 
leftmost panel in each row shows the time-course at the receptive field centre, plotted with 
arbitrary ordinate scale. The subsequent panels show contours of the spatiotemporal 
receptive field at the latencies indicated above. The primary part of the kernel, positive for 
the receptor and negative for the LMCs, is shown shaded, with contours step size equal to 
10 % of the peak amplitude. Antagonistic parts are shown unshaded, with contour step 
size equal to 1 % of the peak amplitude. The Eristalis receptor displays no complex 
lateral effects. For the upper of the two Eristalis LMCs, 14 complete runs were recorded 
with no lateral lobes apparent in any of the receptive fields. The antagonistic part around 
19 ms latency is however wider than the primary part. The second Eristalis LMC has 
distinct lateral lobes, merging into a circular antagonistic part at later latencies. The 
presence of lobes, again is consistent across all records from a given cell. The Calliphora 
LMC displays lobes at an earlier latency, just 2 ms after the primary response appears. 
(From James and Osorio, 1994) 
At the high background illuminance, the inhibitory lobes of the Calliphora and 
Eristalis LMCs merge into a broadened circular inhibitory field surrounding the 
hyperpolarising centre (this observation is more dominant in the Eristalis LMC than in 
the Calliphora), and vanish after the off-transient appears (Fig. 5-13). In comparison 
with the fly LMCs, the inhibitory lobes of dragonfly LMCs do not merge into 
broadened circular fields. Furthermore, the inhibitory lobes of dragonfly LMCs vanish 
(by a latency of 30 ms) before the off-transient response appears (Fig. 5-3, 6, 7 & 9). 
Another difference between the spatiotemporal kernels of the fly and the dragonfly 
LMCs is that some dragonfly LMCs have their inhibitory lobes horizontally oriented, 
which has not been observed in fly LMCs. These differences in the time-course and 
the shape of lateral inhibition could imply a different mechanism of inhibition in the 
dragonfly lamina. 
It has been suggested that the IA cell is responsible for the lobed lateral 
inhibition in the fly lamina. This conclusion was based on several considerations. 
Firstly, the lateral inhibition in the sustaining units recorded by Arnett (1972) also 
appears as two lo~es. These units are now thought to be IA (Strausfeld and Campos-
Ortega, 1977; Shaw, 1981), since the IA cell has two branches extending to 
neighbouring cartridges and its basal plexus is the only laterally extending network 
known which matches even approximately the pattern set by the inhibition. Secondly, 
since a small number of synaptic contacts from IA to Ll/L2 are revealed by 
anatomical studies (rev. Shaw, 1981; 1984), it is possible that the hyperpolarising 
input from IA could account for the positive lateral lobes present in some LMC 
kernels. In the dragonfly, however, none of the LMCs have branches extending to the 
neighbouring cartridges to form a basal plexus (Meinertzhagen and Armett-Kibel, 
1982). Therefore, the suggestion of inhibitory lobes derived from the synaptic 
contacts of IA cells in the fly lamina is not applicable to the inhibitory lobes of 
dragonfly LMCs. , 
In addition to the lobed and the dispersed inhibitory fields, three recorded 
dragonfly LMCs exhibited no lateral inhibitory field flanking the receptive field centre 
(e.g. Fig. 5-8). Other evidence to support the lack of an inhibitory field in these 
spatiotemporal kernels is that the first-order kernels for the surround stimulus, hb 
(obtained by the spot-annulus stimulus), of these LMCs are negative (see Appendix), 
indicating that the surround annulus partly stimulates the receptive centre but no 
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inhibitory surround is involved. In the lamina of the fly Eristalis, LMCs without 
inhibitory fields were also found in a white-noise study (Fig. 5-13; James and Osorio, 
1994). To account for the LMCs without inhibitory lobes flanking the receptive field 
centre, we recall that the inhibitory input can be wavelength selective (see Chapter 4), 
d h . Id be th th hr . . f th . ul . MOt\.i.{O¥ an ence 1t cou at e c omatlc properties o e stlm ating · _ ~ __ ·. _·. 
could not elicit the inhibitory effect in the surround (Fig. 5-2). In the fly lamina, only 
the terminals of six photoreceptors, Rl-6, synapse to the LMCs or amacrine cells, 
while two long visual fibers (lvfs), R7 and R8, do not contact any cells in the lamina 
but terminate in the medulla. Since the Rl-6 have the same spectral sensitivity 
function which is different from the lvfs (Fig. 1-1; Hardie, 1986; see also Chapter 1), 
it is likely that the spectral sensitivity of the lateral inhibition of fly LMCs is similar to 
the Rl-6. Nevertheless, inhibition from the lvfs through an efferent neuron in the 
medulla (e.g. TAN 1-3, see Fig. 1-2) is also possible (Strausfeld, 1976; Strausfeld and 
Nassel, 1981; rev. Shaw, 1984; see also Chapter 1). 
In the dragonfly lamina, the lateral inhibition of the LMCs may arise from two 
or more spectral classes of photoreceptor which might be differently positioned 
relative to the centre of the receptive field. If this is true, the shapes of the inhibitory 
fields observed in this study can be explained by the artefacts caused by the 
monochromatic stimulus used in this study. For example, suppose the inhibitory 
surround of an LMC is composed of two spectral types, say UV and green, then 
inhibition from the green type but not the UV type would be elicited by the stimulus, 
which has a high photon emission density within 500-550 nm and does not contain any 
UV light (Fig. 5-2). Thus, different shapes of inhibitory fields could be revealed. 
Figure 5-14 illustrates some possible spectral and spatial configurations of the lateral 
inhibition. To further clarify this point, it would be worth performing the white-noise 
study with coloured stimuli to reveal the origin of inhibitory input, as has recently been 
done in the lateral geniculate nucleus of monkey (Reid and Shapley, 1992). Further 
studies of spectral inputs to the surround should take into account various possible 
arrangements of LMC inputs, as shown in Figure 5-14. 
To relate the three classes of receptive fields observed from the spatiotemporal 
kernels to the five cell types described in Chapter 3, an attempt was made to identify 
the cell types of recorded LMCs. Twelve cells were identified by measuring their 
spectral sensitivities, and, as shown by the results in Table 5-1, there is no obvious 
relationship between the forms of inhibitory fields and the cell types. For the four 
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Figure 5-14. Possible spectral configurations for fonning different shapes of inhibitory 
fields observed from the spatiotemporal receptive fields of the dragonfly LMCs. Assuming 
the centre-surround antagonism is composed of two types of spectral inputs, UV and 
Green, and only the Green components can be elicited by the stimulus, which has high 
photon emission density within the green region of,lspectrum (see Fig. 5-2), then different 
dispositions of the two types of spectral inputs ~hown in the left column o~gure) 
produce differently shaped inhibitory fields. In the right column of the figure, four 
possibilities, including 30° oriented, horizontally oriented lobed inhibitory fields, dispersed 
inhibitory fields and no inhibitory field, are shown. The excitatory centre of the LMC is 
depicted by 11+11 , and the inhibitory surround by " -". 
units of cell types 3 and 4, neither hyperpolarising nor depolarising responses could be 
recorded, suggesting neither the centre nor the surround are green sensitive in the 
green light-adapted state. 
Aside from artefacts arising from the spectral composition of lateral inhibition 
as mentioned above, another possible explanation for this independence is that the 
different classes of receptive fields are related to,ilocation on the compound eye rather 
than to the cell types. For example, because Jh~h more accuracy is required in the 
fovea, the LMCs in the fovea area might receive much more inhibition than LMCs in 
other parts of eye. On the other hand, the lateral inhibition could be uneven in the 
lateral part of~ye, because the visual flow tends to be unidirectional there (i.e. from 
the front to th~back of the eye). If so, the LMCs with uneven lobed (e.g. Fig. 5-3 & 
7) or dispersed inhibitory fields should be in the lateral eye, and most LMCs with 
strong symmetrically lobed inhibition should be in the fovea. This speculation can be 
tested by carefully recording the distribution of recorded LMCs and comparing their 
receptive fields in future experiments. 
Origin of lateral antagonism 
Previous studies on signal processing by the retino-lamina system have 
suggested that the lateral inhibition of LMCs arises mainly from the photocurrents in 
the extracellular space (Laughlin, 1974b; Shaw, 1975; see also Chapter 1). This 
suggestion is also confirmed by two later studies on the spatial receptive field of fly 
LMCs. By using one point source to stimulate the excitatory centre and two point 
sources to stimulate the inhibitory field of the fly LMC, Dubs (1982) demonstrated 
that both the lateral inhibition recorded intracellularly and the depolarising response 
recorded extracellularly in the lamina are feedforward and not recurrent, suggesting 
that the extracellular photocurrent in the lamina mediates the lateral inhibition of 
the. LMC. A recent white-noise study of the non-linear components of fly LMC responses 
showed that the two self second-order kernels, haa and hbb, have the same polarity. 
This finding is consistent with the notion that excitation and lateral inhibition interact 
linearly before the result of this interaction is processed nonlinearly. In other words, 
the LMC does not receive non-linear input from the surround cartridges: the lateral 
inhibition of the fly LMCs arises as a result of the surround photoreceptor output 
acting linearly on the centre output at a presynaptic level. The signal resulting from 
this interaction is then transformed nonlinearly by the synapse (James, 1992). On the 
92 
other hand, anatomical data suggest that some neural connections (i.e. inter-cartridge 
neurons) between neighbouring cartridges could provide inhibitory input to the LMCs 
(Strausfeld and Campos-Ortega, 1977). However, due to the difficulty of obtaining 
intracellular recordings from inter-cartridge neurons (e.g. amacrine cells), this 
hypothesis is not yet confirmed. In the dragonfly lamina, Laughlin (1974b) suggested 
that both extracellular photocurrents and inter-cartridge connections are responsible 
for the lateral inhibition in LMCs. Evidence obtained in relation to this question from 
the present white-noise study is discussed as follows[. 
Lateral inhibition from extracellular photocurrents 
The spatiotemporal kernels of fly LMCs reveal broad inhibitory flanks (James, 
1994). These flanks appear at the same latency as the on-axis primary response and 
can be explained by Shaw's (1975) model of electrical lateral inhibition. In the fly 
Eristalis this inhibition is strong enough to be mapped reliably. However, in the 
dragonfly and the fly Calliphora, the surround antagonism is too weak to be mapped 
accurately by the full spatiotemporal kernels. This difficulty can be overcome partially 
by integrating the spatiotemporal kernels over the vertical dimension, thus converting 
the distribution of kernel weight on space-time to the horizontal marginal kernel, hh: 
hh ( X, t) = J h ( X, y, t) dy 
This marginal kernel describes the response properties of the cell to a stimulus s( x, t) 
that has a given profile in horizontal space and in time, and extends uniformly in the 
vertical dimension, such as a moving vertical grating or edge. The response to the 
stimulus is then given by: 
Figure 5-15 shows the horizontal marginal kernels for two dragonfly LMCs. 
Both the kernels confirm the existence of broad lateral flanks, exhibiting approximately 
the same latency as the centre response. According to Shaw's (1975) resistance 
barrier model (see Fig. 1-4 and the Introductory chapter), photocurrent is generated 
by the stimulated photoreceptors and flows out at the photoreceptor terminal into the 
93 

(a) 
(b) 
CJ) 
(]) 
~ 
Cl 
(]) 
"'O 
c 2 
0 
~ 
0 
.2 
(ii 
c 2 -2 
-~ 
.!::. 
-6 
-8 
0 
8 
6 
4 
gi 2 
~ 
Cl 
~ 0 
c-
.Q 
a; -2 
0 
.2 
(ii -4 c 
0 
N 
"§ -6 
.!::. 
-8 
-10 
-12 
10 20 
Horizontal marginal kernel [mhoabx] 
/ 
/ \ 
,,.,.,,,,. ....... -...,, 
' - / 0' ',,// 
,,-
<> 
,,..... - -, 
~-
.I 
' / 
- - ----- 0 
/:, Q ' ~' /<',. >/ 
',,,, 
' 
/ 
30 40 50 60 70 
latency, ms 
Horizontal marginal kernel [mhmadx] 
/ 
/ <' 
' 
' / 
'- - ./ 
r 
I 
/ 
/ 
---,_ 
I 
I 
--, 
'/ 
-1 
80 90 
' 
- -=- \ 
<> 
0 
(> 
/ 
/ 
100 
'--~~---''--~~--'~~~-L~~~-'-~~~...L.~~~..L.--'~~-'---~----"~-'===--"'~L-~"----' 
0 10 20 30 40 50 
latency, ms 
60 70 80 90 100 
surrounding extracellular space in the lamina. This extracellular current then leads to 
an inhibition of the responses of neighbouring LMCs. The broad lateral flanks shown 
by the horizontal marginal kernel could be related to this electrical inhibition by virtue 
of their broad disposition and rapid time-course. 
Non-linear synaptic input from inter-cartridge connections 
In his pioneering work, Laughlin (1974b) showed that the LMC response 
waveform depends upon stimulus position and light intensity within the receptive field. 
The response waveforms derived from off-axis stimulation show that inter-cartridge 
inhibition completely destroys the stable relationship between "on" transient and 
plateau amplitudes that results from intra-cartridge inhibition. That is, an inhibitory 
signal acts with a definite delay to reduce enormously the plateau potential. The 
inhibition is so great that the plateau potential becomes positive with respect to the 
dark resting potential, although the "on" transient is hardly affected. The reversal of 
polarity of the plateau demonstrates that there must be some inter-cartridge inhibition 
acting upon the LMC response. Because the only inter-cartridge element known so 
far in the dragonfly lamina is the amacrine cell (Meinertzhagen and Annett-Kibel, 
1982), this lateral synaptic inhibition from neighbouring cartridges could be mediated 
by the amacrine cells, as mentioned earlier in the thesis. 
In spite of the variabilities of the inhibitory receptive fields and of the 
extensions in the second-order kernels, the polarities of the primary part (-) and of the 
second diagonal peak ( +) of haa are generally consistent for all LMCs tested by the 
spot-annulus white-noise stimulus. Compared to haa, the two parts of hbb, and of hab, 
at latencies corresponding to the primary part and diagonal peak of haa, are inverted in 
polarity: at the latencies corresponding to the primary part of haa, the polarity of both 
hbb and hab are positive ( + ), while at the latencies corresponding to the diagonal peak, 
hbb and hab are negative (-). This result is the opposite of that in fly LMCs: there the 
polarities of various regions in hab and hbb follow those of the corresponding regions 
in haa (James, 1990; 1992). If the surround signal is subtracted from the centre signal 
by presynaptic processes, and the result passed through a synapse with a nonlinear 
component, then the second order kernels haa and hbb would be of the same sign 
(James, 1992). Thus, it appears that in the fly LMC the main source of nonlinearity is 
the synapse between receptor and LMC, and that the lateral antagonism acts linearly 
and presynaptically, before the nonlinearity (James, 1992). The present result in 
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1ot dragonfly, showing inverted polarity·. -- , _ hbb and hab relative to haa, suggests 
that a nonlinear input derived from the surrounding cartridges is subtracted from the 
centre response. That is, the order of processing is: separate spatial summation of the 
responses of the photoreceptors of the centre and surround, respectively, then separate 
nonlinear transformations of the centre and surround signals, and finally, an 
approximately linear subtraction of the surround signal from the centre signal. 
The present study therefore suggests that synaptic inputs provide lateral 
antagonism in the dragonfly lamina. Extracellular field potentials may also make a 
contribution to lateral inhibition (as argued above), but the present data do not provide 
an estimate of the relative importance of the two mechanisms to lateral inhibition. In 
general, the present results reinforce the earlier suggestions of Laughlin (1974b) and 
Shaw (1975). The function of the inter-cartridge inhibition, as pointed out by 
Laughlin (1974b), is to narrow the fields of view of LMCs by inhibiting the LMC 
output both pre- and post-synaptically. In dragonflies, an additional function of the 
synaptic inhibition could possibly be related to the colour opponency seen in medulla 
neurons. 
Possible new functions of the LMCs 
In addition to the chromatic coding and the contrast coding in the lamina, 
which have been introduced in Chapter 1, two features of the LMCs, the lobed 
inhibitory fields and the second order cross-kernel (hab ), observed from the white-
noise study could be responsible for some visual attributes in high level vision. 
If we asslline that the measured shapes of the LMC inhibitory fields are not 
simply due to the spectrally narrow-band nature of the stimulus used here (as 
illustrated in Fig. 5-14), then possibly the LMCs are involved in analysis of orientation. 
Since the lamina is the most peripheral integrative neuropile, it is certainly possible 
that more central neuropil neurons could be involved in processing information on 
orientation, for which there is already some evidence (O'Carroll, 1993). Many of the 
orientation sensitive neurons found in the lobula of the dragonfly are sensitive to a 
moving bar oriented horizontally or at 30° to horizontal (Fig. 4 in O'Carroll, 1993). 
This is as expected for inhibitory fields with lobes oriented horizontally or at 30° to the 
horizontal, as reported in this study. Just as different spectral types of photoreceptors 
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and LMCs subserve colour coding in low level vision, processing for orientation 
sensitivity may also-~~ __ . · .~.early in the visual pathway. 
~OWIWleY\tl!. 
Another feature of the LMC which could be related to high level vision is 
suggested by the second order cross kernel, hab. In most of the recorded LMCs, the 
hab kernels have a primary positive region (unshaded area) and a small negative region 
(shaded area; the negative region is invisible in some figures). In most cases, the 
contour centres of these two parts are displaced away from the diagonal towards the 
t2-axis (Fig. 5-4, 10 & 12), indicating the interaction between the receptive centre and 
surround occurs when ti < t2• This phenomenon has also been observed in the fly 
LMCs (James, 1990). Because ti represents the latency of the centre spot stimulus 
and t2 represents that of the surround annulus stimulus, this cross-kernel means that 
the interaction occurs when the LMC receives two sequential signals, first from the 
centre then the surround. In other words, when a stimulus moves from the centre to 
the surround, the LMC receives an inhibition from the surround. In terms of visual 
function, this interaction could serve two roles. Firstly, the inhibition could sharpen 
moving images, that is, compensate partially for the temporal blurring of the moving 
image by the photoreceptors (e.g. Srinivasan and Bernard, 1975). Secondly, the 
inhibition could generate selectivity to specific kinds of optic flow, such as expansion. 
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Chapter 6. General Conclusions and Outlook 
Colour vision seems to be especially suitable for the study of information 
processing within the visual system because of the fact that the "output side" of any 
stage in the colour vision system is clearly determined by the absorption spectra of the 
receptor photopigments (Neumeyer, 1984). In this thesis, the processing of visual 
information from the retina to the lamina is studied further by measuring the spectral 
sensitivities of photoreceptors and lamina monopolar cells (LMCs), although we are not 
yet sure that the dragonfly has colour vision. The thesis goes on to give the most 
detailed account to date of the spatio-temporal receptive fields of colour encoding in 
LMCs, in dark and light adaptation. 
Spectral coding in the dragonfly retino-lamina system 
The experiments described in this thesis provide an insight into the three themes 
described in "The Challenge Ahead" of Chapter 1. The results indicate that spectral 
coding in the retino-lamina system can be understood in terms of two basic interactions: 
spatial processing 'and spectral antagonism. 
Peripheral processing 
According to the spectral sensitivities measured from the centre responses of 
photoreceptors (depolarising potentials) and of LMCs (hyperpolarising potentials), 
there are five spectral types of photoreceptors and five anatomical and spectral types of 
LMCs in the dragonfly ventral eye. Given that the LMCs are the second order neurons 
of the insect visual system, one would expect that all the spectral information captured 
by the photoreceptors from the outside world is transferred to the LMCs. The spectral 
range covered by the five types of photoreceptors -- from 330 nm to 580 nm -- for 
sensitivities that are greater than 40 % of the maximum, is preserved by the LMCs in 
both the dark- and light-adapted states, indicating that most of the spectral information 
received by the photoreceptors, except the 590 nm photoreceptor, is transferred to the 
lamina (Fig. 6-1 ). 
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As expected from the anatomical study on the synaptic connectivity in the 
lamina of the dragonfly Sympetrum by Meinertzhagen and Annett-Kibel (1982), each 
type of LMC receives its chromatic input from a specific receptor type or from a 
combination of different receptor types. It is very impressive that the spectral 
sensitivities of some LMCs are altered by the wavelength of ambient light, suggesting 
that the neural machinery for coding colour adapts to changes in light level. The 
mechanisms underlying the spectral sensitivity changes brought about by light 
adaptation are not clear, but the dependence on the wavelength composition of the 
adapting light suggests that the changes of spectral sensitivity are driven by different 
types of photoreceptor inputs. In the fly lamina, on the other hand, no spectral 
sensitivity change ·could be observed. This is perhaps not surprising, as the second-
order neurons in the lamina receive an identical spectral input from the photoreceptors, 
Rl-6. Since the long visual fibers in the fly compound eye conveying heterogeneous 
spectral sensitivity make synaptic contacts in the medulla and not the lamina, the earliest 
level at which different spectral types of photoreceptor outputs can be expected to 
interact is in the fly medulla. 
Spectral antagonism 
The spectral sensitivities measured from the antagonistic surrounds of LMCs 
(depolarising potentials) revealed that spectral information can also be integrated in a 
spatially antagonistic fashion. Although the models shown in figure 4-13 are derived 
from off-axis depolarising spectral sensitivities measured in the dark-adapted state, they 
suffice to demonstrate that spatial antagonism is an important aspect of chromatic 
coding in the retino-lamina system. It would be interesting to compare the off-centre 
depolarising spectral sensitivities in other cell types of dragonfly LMCs (cell type 1, 3 
and 5), since the measurements of the LMC spatiotemporal receptive fields as well as 
the nonlinear components of the LMC responses (Chapter 5) support the existence of 
synaptic inter-cartridge inhibition in the dragonfly lamina, as originally suggested by 
Laughlin (1974b). The spectral and spatial antagonism observed in this study is 
reminiscent of the colour-opponent neurons found in many other colour vision systems, 
for example, the colour opponency found in the bipolar cells of carp or turtle (e.g. 
Marchiafava and Weiler, 1982; Kaneko and Tachibana, 1983). Since colour-opponent 
cells have been found in the medullae of several insects (locust: Osorio, 1986; bees: 
Kien and Menzel, 1977; butterfly larvae: Ichikawa, 1986; 1991), and LMCs are the 
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main intemeurons feeding spectral input from the retina to the medulla, the spectral and 
spatial antagonism of LMCs can be thought of as a pre-processing of colour opponency. 
The situation is complicated by the fact that, as discussed in Chapter 4, the results point 
to a different inter-cartridge connectivity model for light-adapted LMCs than for dark-
adapted LMCs. A preliminary experiment, to measure the off-centre spectral sensitivity 
of a light-adapted LMC (which is not shown in the preceding chapters), suggests that 
the lateral inhibition of at least some LMCs is contributed to by the 600 nm 
photoreceptor (Fig. 6-2). Since the five types of LMCs have poor sensitivity (below 40 
% maximum) to wavelengths greater than 580 nm (Fig. 6-1), it is possible that the 600 
nm photoreceptor is responsible only for lateral inputs. The white-noise study of 
Chapter 5 also indicates ·that future study of the spatial distribution of spectral 
antagonism will have to take into account the possibility of different spatial positions for 
different spectral inputs. 
Pentachromatic vision? 
It has been suggested that three photopigments in the retina are sufficient for 
coding all the spectral information in the outside world (Barlow, 1982). Nevertheless, 
like some other animals, the dragonfly possesses more than three spectral types of 
photoreceptors in the retina, e.g. goldfish has four types (Neumeyer and Arnold, 1989; 
Neumeyer, 1991) and the Papilio butterfly has five types (Arikawa et al., 1987). It is 
reasonable to consider that the existence of the "extra" type of photoreceptor increases 
the spectral contrast within the visible spectrum, but it is also possible that some 
receptor types may not be involved in the colour vision system. When the spectral 
sensitivities of the photoreceptors and LMCs are compared (Fig. 6-1), it turns out that 
the distribution of the peak sensitivities of the five types of LMCs falls into three 
wavelength ranges: 340-360 nm, 420 nm and 500-540 nm (Fig. 6-1). This distribution 
resembles the peak sensitivities of the three spectral types of photoreceptors (with peak 
sensitivities at 335 nm, 435 nm and 540 nm) found in honeybees, the insect which has 
been proved convincingly to have colour vision (Menzel and Backhaus, 1989). 
Whether this resemblance indicates a three-colour-channel colour vision system in the 
dragonfly is an interesting question for further study. 
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Figure 6-2. The off-axis spectral sensitivity of an unidentified, 550 run light-adapted LMC. 
The spectral sensitivity was measured with the point source method described in Chapter 2 
(see figure 2-2b), but the point source was positioned to evoke depolarising responses 
from the antagonistic receptive field. The peak wavelength is 620 nm. 
Comparison with the colour vision system of the fly 
As mentioned in the beginning of this thesis, the retino-lamina system of the fly 
has been studied anatomically but the fly model for colour coding is not applicable to 
other insects. Recent behavioural experiments also reveal that the fly's colour 
discrimination is "categorial" with the wavelength spectrum consisting of three ranges: 
UV-400 nm, 400-515 nm and wavelengths longer than 515 nm (Fukushi, 1990; Troje, 
1993). Because the colour discrimination of the fly is not continuous, within the regions 
described above no discrimination occurs, while a precise discrimination occurs between 
the regions. Therefore, colour vision in flies differs fundamentally from that found in all 
other known colour vision systems. 
Because the spectral sensitivity of Rl-6 is rather broad and therefore not useful 
for colour discrimination, a possible model based on the four heterogeneous receptor 
classes, R7p, R8p, R7y and R8y, to explain the behaviourally measured colour 
discrimination has been suggested by Troje (1993). Since all the four receptor classes 
have long visual fibers which process visual signals from the retina to the medulla 
without any synaptic contact in the lamina, this could suggest that the first stage of 
colour comparison in the fly visual system occurs in the medulla. If this is true, it would 
not be surprising to find a colour opponent cell in the fly medulla, though there is still 
no such cell recorded from any optical neuropiles of fly so far. On the other hand, as 
mentioned above, results obtained from the spectral sensitivity measurements in the fly 
lamina in the dark and light adapted states (Chapter 3) could provide indirect evidence 
to support this hypothesis. In contrast to the fly, the colour opponency found in the 
two types of dragonfly LMCs suggests that the first stage of colour comparison in the 
dragonfly visual system is in the lamina, not in the medulla Because the retino-lamina 
system of dragonfly is like the systems of most insects, e.g. butterflies and honeybees, 
this hypothesis could also apply to spectral processing in the laminae of other insects. 
That is, for the flies whose retino-lamina system is neural superposition the various 
spectral inputs are compared initially in the medulla, while for those insects without 
neural superposition the heterogeneous spectral inputs are compared initially in the 
lamina 
Why have two different systems been developed in the insect order during the 
evolutionary process? The answer probably depends on how much the insect relies on 
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colour vision. In other words, if colour vision is an important visual function for an 
insect, like the honeybee, precise colour discrimination and colour comparison should 
probably occur as early as possible in the visual pathway; while the early vision of an 
insect like the fly could concentrate on other visual functions, such as motion which 
could be enhanced by the function of neural superposition. The most dominant function 
of neural superposition is to enable six independent measurements to be made of the 
visual signal at a given spatial position, thereby increasing the signal to noise ratio for 
Poisson distributed signals like photons by (6)¥2. This pooling of receptor signals can 
greatly increase signal contrast in the early stages of processing. Enhancing contrast 
may warrant sacrificing spectral information in the lamina. 
Because cell type 1 of dragonfly LMCs exhibits a broad spectral sensitivity and 
could therefore receive its input from several spectral types of photoreceptors, it could 
be compared to Ll, L2 and L3 of fly LMCs. It is very likely that even if there were a 
participation of these LMCs in a colour vision channel, the ability of colour 
discrimination would not be improved, suggesting that these LMCs could be important 
in other visual tasks (e.g. for detecting form or illuminance), but not colour vision 
(Troje, 1993). Thus, the LMCs of the insect retino-lamina system, like the 
Magnocellular and Parvocellular cells in the retinal ganglion cells of monkey (rev. 
Shapley and Perry, 1986), can be divided into two classes: broad-band cells and colour-
opponent cells. 
Lobed surround inhibition 
One feature of dragonfly lamina processing which was consistent with the fly 
was the presence of "lobes" of inhibition straddling the centre. This is different than the 
conventional notion of a centre-surround mechanism. In the conventional wisdom (e.g. 
Srinivasan et al., 1982) the surround inhibition is broad and so is tuned to low spatial 
frequencies. A pair of small inhibitory lobes has quite different spatial properties. If we 
assume each lobe to be a Gaussian then the transform of the inhibitory lobes will be an 
up-side-down Gabor function (a Gaussian multiplied by -cos x). When added to the 
centre mechanism the surround will diminish low spatial frequency tuning (Srinivasan et 
al., 1982), but unlike conventional centre-surround models the narrow lobes will 
actually add to the visibility of medium spatial frequencies rather than diminish them. 
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The oriented inhibitory lobes also suggest the possibility of orientation tuning as 
a feature of early visual processing in insects. Behavioural (Srinivasan et al., 1993) and 
electrophysiological (O'Carroll, 1993) evidence for orientation sensitivity exists but the 
results here suggest that orientation tuning may arise in the lamina. 
Future work in insect colour vision 
Compared to the visual system of primates, the insect visual system is much 
simpler in anatomy and probably also in physiology. Since the strategies developed 
during evolution to deal with the complex visual environment could be shared by both 
the vertebrates and the invertebrates, the simpler system of the invertebrate might 
provide a useful model for gaining insights into the visual system of higher order 
animals (e.g. the primate). Even if this does not prove to be the case, it is of interest to 
examine how colour vision is achieved by nervous systems which are constrained by 
parsimony. 
Future work in insect colour vision should be elaborated in two directions based 
on the findings of the studies in this thesis. The first direction is to continue to examine 
colour opponency in the insect visual system. This is an interesting subject because the 
two most important features of colour vision, colour constancy and sensitivity to 
simultaneous and successive colour contrast, have been demonstrated behaviourally in 
honeybees (Neumeyer, 1980, 1981; Werner et al., 1988; see also Chapter 1), and, as in 
the colour vision of primates, the mechanisms underlying these two phenomena could 
involve "double opponency" (e.g. Land, 1977). Double opponency involves spatial 
antagonism of spectrally opponent mechanisms. Since colour opponent cells have been 
found in previous studies and in this thesis (see Chapter 4), this could suggest that the 
colour vision of insect visual systems may also be constructed using opponent processes 
similar to those found in the lateral geniculate nucleus and the retina of primates. 
However, the opponent processes in the insect visual system found so far are restricted 
to the lamina and the medulla, and no double-opponent cell has been found so far. At 
the present time, we do not have sufficient data to explain the colour constancy and the 
simultaneous colour contrast phenomena that are observed in insects. If double-
opponent cells exist, they might be found in the higher order neuropiles (e.g. the lobula 
neurons), just as most double-opponent neurons of primate visual system are found in 
the visual cortex (De Valois, 1960; Boynton, 1979; Livingstone and Hubel, 1988). 
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The second direction for future research is to discover the possible roles of the 
different LMC types. Since the different types of LMCs could subserve different 
parallel neural pathways in the insect visual system as suggested by Strausfeld and Lee 
(1991), each type of LMC found in the dragonfly lamina could be relevant to the 
extraction of a different visual attribute. By tracing the spectral sensitivity of various 
pathways in the visual system, it should be possible to extend the present study to 
identify which types of LMCs are involved in the colour vision system of the dragonfly 
(if it does have colour vision), or in particular wavelength-specific behaviours. Indeed, 
the possible existence of a 420 nm-specific pathway for small object motion detection 
through the retina to the ventral nerve cord (see Chapter 3), as well as the existence of a 
"green-sensitive" system for mediating the optomotor response (e.g. 529 nm in the bee: 
Kaiser and Liske, 1974; 550 nm in the butterfly: Horridge et al., 1984) provide good 
evidence for parallel processing in insect vision. 
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Figure A-1. Spatiotemporal kernel for a dragonfly photoreceptor (cell i.d.= meh), 
derived from the checkerboard stimulus. Also known as the spatiotemporal 
receptive field. The bottom-right panel shows the time-course of the kernel at the 
receptive field centre. The latency scale is shown in milliseconds. The value and 
latency of the peak as well as the i.d. (identification) number of the recorded cell 
are indicated in the title. The remaining 15 panels show the spatial receptive fields 
at latencies from 0 to 70 ms in 5 ms steps, reading from left to right and down the 
page. Contours are drawn for increments of level equal to 2% of the peak value of 
the kernel. Positive regions are shown as solid lines (unshaded), negative regions 
are shaded, and the contour at level zero is omitted. The format of this figure is 
followed for figures A-2 to A-6. No lateral inhibitory inhibition can be observed in 
the spatiotemporal kernel. 
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meiab, peak= 0.480mV at 10ms, contours at 2% steps 
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Figure A-2. Spatiotemporal receptive field of a dragonfly photoreceptor (mei). 
Note that the field consists of a single positive region, rising to peak sensitivity at 
10 ms, and no lateral effects are seen. Format of contour plots as in figure A-1. 
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Figure A-3. Spatiotemporal receptive field of a dragonfly photoreceptor (mej). 
Note that the field consists of a single positive region, rising to peak sensitivity at 
10 ms, and no lateral effects are seen. Format of contour plots as in figure A-1. 
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Figure A-4. Spatiotemporal receptive field of a dragonfly photoreceptor (mfd). 
Note that the field consists of a single positive region, rising to peak sensitivity at 
15 ms, and no lateral effects are seen. Format of contour plots as in figure A-1. 
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Figure A-5. Spatiotemporal receptive field of a dragonfly photoreceptor (mfe). 
Note that the field consists of a single positive region, rising to peak sensitivity at 
15 ms, and no lateral effects are seen. Format of contour plots as in figure A-1. 
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Figure A-6. Spatiotemporal receptive field of a dragonfly photoreceptor (mft). 
Note that the field consists of a single positive region, rising to peak sensitivity at 
15 ms, and no lateral effects are seen. Format of contour plots as in figure A-1. 
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Figure A-8. Spatiotemporal kernel (upper) and First- and second-order kernels 
(lower) for a dragonfly LMC (mfj). Format of contour plots as in figure A-7. 
Note that the lateral inhibitory fields are lobed and oriented horizontally. 
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Figure A-9. Spati.otemporal kernel (upper) and First- and second-order kernels 
(lower) for a dragonfly LMC (mfo). Format of contour plots as in figure A-7. 
Note that the lateral inhibitory fields are lobed and oriented horizontally. This cell 
was identified as cell type 2. 
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Figure A-10. Spatiotemporal kernel (upper) and First- and second-order kernels 
(wwer) for a dragonfly LMC (mgq). Format of contour plots as in figure A-7. 
Upper figure: Note that the lateral inhibitory fields are lobed and oriented 
horizontally. 
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Figure A-11. Spatiotemporal kernel (upper) and First- and second-order kernels 
(lower) for a dragonfly LMC (mhm). Format of contour plots as in figure A-7. 
Upper figure: Note that the lateral inhibitory fields are lobed and oriented 
horizontally. 
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Figure A-12. Spatiotemporal kernel (upper) and First- and second-order kernels 
(lower) for a dragonfly LMC (mhq). Format of contour plots as in figure A-7. 
Upper figure: Note that the lateral inhibitory fields are lobed and oriented 
horizontally. This cell was identified as cell type 2. 
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Figure A-13. Spatiotemporal kernel (upper) and First- and second-order kernels 
(lower) for a dragonfly LMC (mhr). Format of contour plots as in figure A-7. 
Upper figure: Note that the lateral inhibitory fields are lobed and oriented 
horizontally. 
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Figure A-14. Spatiotemporal kernel (upper) and First- and second-order kernels 
(lower) for a dragonfly LMC (mel). Format of contour plots as in figure A-7. 
Upper figure: Note that the lateral inhibitory fields are lobed and oriented along an 
axis oriented at about 30° to the horizontal. 
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Figure A-15. Spatiotemporal kernel (upper) and First- and second-order kernels 
Clower) for a dragonfly LMC (men). Format of contour plots as in figure A-7. 
Upper figure: Note that the lateral inhibitory fields are lobed and oriented along an 
axis oriented at about 30° to the horizontal. 
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Figure A-16. Spati.otemporal kernel (upper) and First- and second-order kernels 
(lower) for a dritgonfly LMC (mey). Format of contour plots as in figure A-7. 
Upper figure: Note that the lateral inhibitory fields are lobed and oriented along an 
axis oriented at about 30° to the horizontal. 
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Figure A-17. Spatiotemporal kernel (upper) and First- and second-order kernels 
(lower) for a dragonfly LMC (mfi). Format of contour plots as in figure A-7. 
Upper figure: Note that the lateral inhibitory fields are lobed and oriented along an 
axis oriented at about 30° to the horizontal. 
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mfkac, peak = -3.647mV at 20ms, contours at 2% steps 
Figure A-18. Spatiotemporal kernel (upper) and First- and second-order kernels 
(lower) for a dragonfly LMC (mfk). Format of contour plots as in figure A-7. 
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Figure A-19. Spatiotemporal kernel (upper) and First- and second-order kernels 
(lower) for a dragonfly LMC (mfp). Format of contour plots as in figure A-7. 
Upper figure: Note that the lateral inhibitory fields are lobed and oriented along an 
axis oriented at about 30° to the horizontal. 
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Figure A-20. Spatiotemporal kernel (upper) and First- and second-order kernels 
(lower) for a dragonfly LMC (mfs). Format of contour plots as in figure A-7. 
Upper figure: Note that the lateral inhibitory fields are lobed and oriented along an 
axis oriented at about 30° to the horizontal. This cell was identified as cell type 5. 
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Figure A-21. Spatiotemporal kernel (upper) and First- and second-order kernels 
(lower) for a dragonfly LMC (mgs). Format of contour plots as in figure A-7. 
Upper figure: Note that the lateral inhibitory fields are lobed and oriented along an 
axis oriented at about 30° from the horizontal. 
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Figure A-22. Spatiotemporal kernel (upper) and First- and second-order kernels 
(lower) for a dragonfly LMC (mgx). Fotmat of contour plots as in figure A-7. 
Upper figure: Note that the lateral inhibitory fields are lobed and oriented along an 
axis oriented at about 30° to the horizontal. 
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Figure A-23. Spatiotemporal kernel (upper) and First- and second-order kernels 
(lower) for a dragonfly LMC (mfm). Format of contour plots as in figure A-7. 
Upper figure: Nbte that there are several small positive and negative regions 
(unshaded and shaded contours, respectively) dispersed around the primary 
negative receptive field centre (shaded contours). 
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Figure A-24. Spatiotemporal kernel (upper) and First- and second-order kernels 
(lower) for a dragonfly LMC (mfx). Format of contour plots as in figure A-7. 
Upper figure: Note that there are several small positive and negative regions 
(unshaded and shaded contours, respectively) dispersed around the primary 
negative receptive field centre (shaded contours). 
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Figure A-25. Spatiotemporal kernel (upper) and First- and second-order kernels 
(lower) for a dragonfly LMC (mgb). Format of contour plots as in figure A-7. 
Upper figure: Note that there are several small positive and negative regions 
(unshaded and shaded contours, respectively) dispersed around the primary 
negative receptive field centre (shaded contours). 
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Figure A-26. Spatiotemporal kernel (upper) and First- and second-order kernels 
(lower) for a dragonfly LMC (mgi). Format of contour plots as in figure A-7. 
Upper figure: Note that there are several small positive and negative regions 
(unshaded and shaded contours, respectively) dispersed around the primary 
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Figure A-27. Spatiotemporal kernel (upper) and First- and second-order kernels 
(lower) for a dragonfly LMC (mgj). Format of contour plots as in figure A-7. 
Upper figure: Note that there are several small positive and negative regions 
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Figure A-28. Spatiotemporal kernel (upper) and First- and second-order kernels 
(lower) for a dragonfly LMC (mgk). Format of contour plots as in figure A-7. 
Upper figure: Note that there are several small positive and negative regions 
(unshaded and shaded contours, respectively) dispersed around the primary 
negative receptive field centre (shaded contours). 
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Figure A-29. Spatiotemporal kernel (upper) and First- and second-order kernels 
(lower) for a dragonfly LMC (mgv). Format of contour plots as in figure A-7. 
Upper figure: Note that there are several small positive and negative regions 
(unshaded and shaded contours, respectively) dispersed around the primary 
negative receptive field centre (shaded contours). 
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Figure A-30. Spatiotemporal kernel (upper) and First- and second-order kernels 
(lower) for a dragonfly LMC (mgw). Format of contour plots as in figure A-7. 
Upper figure: Note that there are several small positive and negative regions 
(unshaded and shaded contours, respectively) dispersed around the primary 
negative receptive field centre (shaded contours). 
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Figure A-31. Spatiotemporal kernel (upper) and First- and second-order kernels 
(lower) for a dragonfly LMC (mgz). Format of contour plots as in figure A-7. 
Upper figure: Note that there are several small positive and negative regions 
(unshaded and shaded contours, respectively) dispersed around the primary 
negative receptive field centre (shaded contours). 
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Figure A-32. Spatiotemporal kernel (upper) and First- and second-order kernels 
(lower) for a dragonfly LMC (mha). Format of contour plots as in figure A-7. 
Upper figure: Note that there are several small positive and negative regions 
(unshaded and shaded contours, respectively) dispersed around the primary 
negative receptive field centre (shaded contours). This cell was identified as cell 
type 5. 
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Figure A-33. Spatiotemporal kernel (upper) and First- and second-order kernels 
(lower) for a dragonfly LMC (mhf). Format of contour plots as in figure A-7. 
Upper figure: Note that there are several small positive and negative regions 
(unshaded and shaded contours, respectively) dispersed around the primary 
negative receptive field centre (shaded contours). This cell was identified as cell 
type 5. 
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mhoab, peak= -4.008mV at 15ms, contours at 2% steps 
Figure A-34. Spatiotemporal kernel (upper) and First- and second-order kernels 
(lower) for a dragonfly LMC (mho). Format of contour plots as in figure A-7. 
Upper figure: Note that there are several small positive and negative regions 
(unshaded and shaded contours, respectively) dispersed around the primary 
negative receptive field centre (shaded contours). 
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Figure A-35. Spatiotemporal kernel (upper) and First- and second-order kernels 
(lower) for a dragonfly LMC (mhp). Format of contour plots as in figure A-7. 
Upper figure: Note that there are several small positive and negative regions 
(unshaded and shaded contours, respectively) dispersed around the primary 
negative receptive field centre (shaded contours). 
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Figure A-36. Spatiotemporal kernel (upper) and First- and second-order kernels 
(lower) for a dragonfly LMC (mev). Format of contour plots as in figure A-7. 
Upper figure: Note that there are several small positive and negative regions 
(unshaded and shaded contours, respectively) dispersed around the primary 
negative receptive field centre (shaded contours). 
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Figure A-37. Spatiotemporal kernel (upper) and First- and second-order kernels 
(lower) for a dragonfly LMC (meh). Format of contour plots as in figure A-7. Note 
that hb (lower figure: dashed line) is negative. This cell was identified as cell type 
2. 
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Figure A-38. Spatiotemporal kernel (upper) and First- and second-order kernels 
(lower) for a dragonfly LMC (mfg). Format of contour plots as in figure A-7. Note 
that hb (lower figure: dashed line) is negative. This cell was identified as cell type 
2. 
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Figure A-39. Spectral distribution of radiant intensity of a typical XBO lamp and a 6200 K black body radiator. Note that in the 
visible region between 380 and 780 nm, the xenon lamp spectrum very closely follows the spectral curve of a 6200 K black body 
radiator. It is thus "pure white", like the midday sun. This figure is reproduced from the XBO xenon arc lamp manual (OSRAM). 
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